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cells does not alter cell surface phenotype, but prevents antigenic TCR signaling. This deletion model was
used to determine the contribution of SLP-76 to TCR:self-peptideMHC ("tonic") signaling, which is vital for
naÃ¯ve cell survival. Loss of SLP-76 from peripheral T cells results in loss of naÃ¯ve CD4+ and CD8+ T
cells with kinetics consistent with other models of "tonic" signal abrogation.
CD4+ memory T cells utilize a combination of homeostatic division and increased life span to persist,
through use of both "tonic" TCR and IL-7 signaling. CD44 marks two populations of memory cells, antigenspecific (AgSp) and memory phenotype (MP), which have distinct requirements for their persistence. MP
cells can be further subdivided based on their rate of division, with fast-dividing cells requiring "tonic"
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BrdU and transmit functional signals. In contrast to fast-dividing cells, numbers of AgSp cells are
unaffected in the absence of SLP-76, persisting for greater than 30 weeks following deletion. Independent
maintenance of a population of AgSp memory cells in the absence of normal homeostatic division
suggests that the rate of death changes based on the division rate. By separating the determinants of
division, survival, and maintenance of function, the studies presented here will direct cytokine- and "tonic"based therapeutic approaches for promoting long-term immunity. Future studies in "tonic" signaling
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ABSTRACT

THE ROLE OF SLP-76 IN THE HOMEOSTASIS OF CD4+ T CELLS

Evann Corbo Rodgers

Jonathan S. Maltzman, M.D. Ph.D.

Signaling through the TCR governs all aspects of T cell biology, directing development,
activation, division, and effector function. The SH2-domain-containing phosphoprotein
of 76 kDa (SLP-76) is an adaptor protein integral to TCR signaling, and loss in cell lines
abrogates the molecular complexes necessary for signal transduction. Deletion of SLP76 in the germline or in developing thymocytes causes selection defects. Our lab has
developed a system of timed deletion of SLP-76 in mature T cells to bypass any
developmental defects and study its requirement in peripheral TCR signaling. Loss of
SLP-76 in mature T cells does not alter cell surface phenotype, but prevents antigenic
TCR signaling. This deletion model was used to determine the contribution of SLP-76 to
TCR:self-peptideMHC (“tonic”) signaling, which is vital for naïve cell survival. Loss of
SLP-76 from peripheral T cells results in loss of naïve CD4+ and CD8+ T cells with
kinetics consistent with other models of “tonic” signal abrogation.

CD4+ memory T cells utilize a combination of homeostatic division and increased life
span to persist, through use of both “tonic” TCR and IL-7 signaling. CD44 marks two
populations of memory cells, antigen-specific (AgSp) and memory phenotype (MP),
iv

which have distinct requirements for their persistence. MP cells can be further
subdivided based on their rate of division, with fast-dividing cells requiring “tonic”
signaling for turnover. Loss of SLP-76 prevents division of these fast-dividing cells, and
reduces their persistence. Like fast-dividing MP cells, loss of SLP-76 affects the ability
of AgSp cells to incorporate BrdU and transmit functional signals. In contrast to fastdividing cells, numbers of AgSp cells are unaffected in the absence of SLP-76, persisting
for greater than 30 weeks following deletion. Independent maintenance of a population
of AgSp memory cells in the absence of normal homeostatic division suggests that the
rate of death changes based on the division rate. By separating the determinants of
division, survival, and maintenance of function, the studies presented here will direct
cytokine- and “tonic”-based therapeutic approaches for promoting long-term immunity.
Future studies in “tonic” signaling should be aimed at maintenance of function and not
survival of AgSp populations.
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CHAPTER 1: Introduction
The immune system is made up of two components: the innate and adaptive systems,
which act together to protect the host against foreign pathogens. The innate system
responds rapidly to infection, while the adaptive system takes time to become fully
functional. The adaptive immune system is characterized by the ability of cells to tailor
their response depending on the pathogen. B and T cells comprise the adaptive
response with each cell expressing a unique receptor, allowing for a broad repertoire of
specificities. The adaptive immune system is also characterized by the formation of
memory, and increased recall response to prevent reinfection with previously
encountered pathogens. B cells within the adaptive response are critical for antibody
production, while T cells have important cytolytic and helper functions (reviewed in
(Medzhitov & Janeway 1997; Kalia et al. 2006)).

T lymphocytes are vital to the adaptive immune response. In order to perform their
functions without causing autoimmunity, T cells must become activated in the correct
spatio-temporal location within the host animal by signaling through their T cell receptor
(TCR). The TCR is vital for both T cell development and signaling. The multi-protein
signaling complexes essential for TCR signal propagation were first characterized in
Jurkat cell lines using biochemical approaches (reviewed in (van Leeuwen et al. 2009)).
In cell lines lacking signaling components, signaling is interrupted and activation is
blocked (Yablonski et al. 1998; Finco et al. 1998; Irvin et al. 2000; Abraham 2000).
Furthermore, germline deletion of many of these components results in a failure of T cell
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development illustrating their importance in vivo (Pivniouk et al. 1998; Clements et al.
1999; Zhang et al. 1999; Kikuchi et al. 2001).

Overview of TCR signal transduction
The biochemical signaling pathway downstream of the TCR has been studied in both
cell lines and mice at the biochemical level (Figure 1.1, reviewed in (Smith-Garvin et al.
2009)). Crosslinking of the TCR leads to the recruitment and phosphorylation of Lck via
its association with the co-receptors CD4 and CD8. Active Lck phosphorylates the
immune receptor tyrosine based activation motifs (ITAMs) on the intracellular domains of
the CD3 chains to recruit and activate zeta-chain-associated protein kinase 70 (ZAP-70).
ZAP-70 further propagates the signal by phosphorylating linker for activation of T cells
(LAT), allowing for recruitment of SH2-domain containing protein of 76 kDa (SLP-76)
and its associated proteins, and forming a multi-molecular signaling complex. LAT and
SLP-76 comprise the backbone of this signaling complex and allow for the correct
spatio-temporal orientation of the other signaling molecules to propagate the multiple
downstream signaling pathways.

Formation of this multi-molecular signaling complex drives the activation of
phospholipase C, gamma 1 (PLCγ1), mitogen-activated protein kinase (MAPK), nuclear
factor kappa B (NFκB), and protein kinase B (PKB/Akt) (Jordan et al. 2003). Recruited
to the membrane by LAT and SLP-76, PLCγ1 is activated by IL-2-inducible T cell kinase
(Itk). Active PLCγ1 hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) into
diacylglycerol (DAG) and inositol trisphosphate (IP3), driving activation of protein kinase
2

C theta (PKCθ), Ras, calcium (Ca2+) flux, and nuclear factor of activated T cells (NFAT)
translocation. Also recruited into this proximal signaling complex are Vav and Nck.
Along with Itk, these factors mediate Akt signaling and Jun N-terminal kinase (JNK)
activity. Finally, TCR signaling results in cytoskeletal reorganization and increased
integrin signaling through the adaptor molecules adhesion and degranulation adaptor
protein (ADAP) and Nck. Together the adaptor proteins and kinases downstream of
TCR engagement work together to propagate signaling and lead to division and cellular
activation.

SLP-76 as an adaptor molecule
SLP-76 is required to propagate TCR signaling, and upon phosphorylation recruits Itk,
Vav, and Nck. Itk is a Tec family protein kinase critical for PLCγ1 activation and division
(Liao & Littman 1995; Liao et al. 1997). Itk also interacts with WASP and Cdc42 to
mediate actin polymerization (Labno et al. 2003). Vav1 is a guanine nucleotide
exchange factor (GEF) required for PI3K, Erk, JNK, PLCγ1, and Akt activation (Turner &
Billadeau 2002). The requirement for SLP-76 in Vav1 activation is still controversial as
Jurkat cells lines lacking SLP-76 (J14) show phosphorylation of Vav1 downstream of the
TCR, but murine studies do not (Myung et al. 2001; Dombroski et al. 2005). Nck
functions as an adaptor molecule to the cytoskeleton. Formation of this signaling
complex recruits PLCγ1, which is phosphorylated and activated by Itk (Perez-Villar &
Kanner 1999). Activated PLCγ1 then hydrolyzes the membrane lipid PIP2 into IP3 and
DAG, which propagate calcium and downstream activation of PKC signaling and NFAT.
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The importance of adaptor proteins such as SLP-76 and LAT in TCR signaling is
underscored by deletion studies. In cell lines lacking either of these proteins the
proximal signaling complex fails to form, and TCR signaling is abrogated (Yablonski et
al. 1998; Finco et al. 1998). In vivo SLP-76 deficiency blocks T cell development,
homeostasis, and effector function (Clements et al. 1998; Pivniouk et al. 1998).
Thymocytes deficient in SLP-76 fail to progress past the DN3 stage of development
because of a defect in TCRβ selection (Pivniouk et al. 1998; Clements et al. 1998).
SLP-76 is also required in positive selection of DP thymocytes, as loss of SLP-76 at this
stage impairs SP differentiation (Maltzman et al. 2005). The requirement for SLP-76 in
TCR signaling provides a useful model for studying T cells in the absence of TCR
signaling.

Domains of SLP-76
SLP-76 is comprised of three distinct domains, a N-terminal tyrosine rich region, a
central proline-rich region, and a c-terminal SH2 domain. The c-terminal SH2 domain of
SLP-76 is responsible for binding to ADAP and HPK-26 to mediated integrin function
and cytoskeletal reorganization (Burns et al. 2011). The proline-rich central region is
responsible for constitutive association with the adaptor protein Grb2-related adaptor
downstream of Shc (Gads) and recruitment of SLP-76 to the TCR signaling complex (Liu
et al. 1999). The central region of SLP-76 is also responsible for association with PLCγ1
by interacting with its SH3 domain (Yablonski et al. 2001). The N-terminal tyrosine rich
region is comprised of three tyrosines (positions 112, 128, and 145) that are inducibly
phosphorylated to interact with Itk, Nck, and Vav (Bubeck Wardenburg et al. 1998;
Bunnell et al. 2000). Through these interactions, SLP-76 organizes T cell activation by
4

mobilizing calcium through PLCγ1, upregulating the MAPK signaling pathway, NFAT and
NFκB activation, and reorganization of the actin cytoskeleton.

Structure function studies carried out in J14 cells showed that complete lack of SLP-76
prevented PLCγ1 phosphorylation, Ca2+ mobilization, signaling through NFκB, and
activation of transcription factors such as NFAT and AP1 (Yablonski et al. 1998). The Nterminal tyrosine rich region of SLP-76 seems to be the most functional in the TCRsignaling cascade. Constructs with mutations of all three tyrosines to phenylalanine
(termed Y3F) placed in J14 cells failed to activate ERK, PLCγ1, or flux Ca2+ (Yablonski et
al. 2001). Studies in reconstituted mice have similar defects (Myung et al. 2001; Jordan
et al. 2006).

SLP-76 in other lineages
SLP-76 is expressed throughout the hematopoietic compartment, and animals lacking
SLP-76 have defects in many cell types. For example SLP-76 deficient neutrophils
cannot signal through their FcγR, and therefore cannot flux Ca2+ or produce ROIs
(Newbrough et al. 2003; Clemens et al. 2007). Platelets in SLP-76 deficient animals
have defective degranulation and clotting through the collagen receptor (Judd 2000).
Platelet signaling through SLP-76 also mediates lymphatic/blood vasculature separation,
causing germline-deleted mice to have subcutaneous hemorrhaging (Abtahian et al.
2003; Bertozzi et al. 2010). Additionally, mast cells show deficiencies in histamine
release downstream of their IgE receptor in the absence of SLP-76 (Pivniouk et al. 1999;
Kambayashi et al. 2010).
5

Overview of IL-7 Signal Transduction
Soluble IL-7 cytokine brings together the IL-7Rα (CD127) chain and the common-γ chain
to form a signaling complex (reviewed in (Kittipatarin & Khaled 2007)). Bringing these
two chains into close proximity allows for auto phosphorylation of the associated JAK1
and JAK3 proteins, which recruits STAT5. STAT5 becomes phosphorylated, dimerizes,
and translocates to the nucleus to mediate transcription of survival factors (Jiang et al.
2004). Direct targets of STAT5 include Bcl-2, Mcl1, and other pro-survival molecules.
IL-7R signaling also activates the Akt signaling cascade, leading to further upregulation
of pro-survival signals and changes in metabolism. Signaling though the IL-7R promotes
expression of Glut1 on the surface, aiding in lifespan of cells. Glut1 is regulated through
both transcription and cellular localization. Signaling throu IL-7 activates Akt and mTor,
directly upregulating Glut1 proteins, while STAT5 transcription promotes Glut1 trafficking
through inhibition of Akt signal downregulation at later time points (Wieman et al. 2007;
Wofford et al. 2008).

IL-7 signaling in T cell homeostasis
IL-7 is produced mainly from fibroblastic reticular cells and mesenchymal cells found in
the stromal environment of lymphoid organs (Link et al. 2007; Junt et al. 2008). While
these cells are the main producers of homeostatic cytokines, DCs can also make and
present IL-7 (Guimond et al. 2009). The levels of cytokine are constant within a
particular animal, and are thought to limit naïve cell conversion into the memory
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phenotype (MP) pool as well as dictate the overall size of the T cell pool (reviewed in
(Takada & Jameson 2009)).

In cytokine withdrawal models, cells quickly undergo apoptotic cell death mediated by
lack of Bcl-2 induced by STAT5 and increased levels of Bim (reviewed in (Chao &
Korsmeyer 1998)). One of the main regulators of Bim are the Foxo transcription factors,
such as Foxo3a (Dijkers et al. 2000). Foxo3a is phosphorylated on distinct sites
downstream of Akt by either IL-7 or TCR signaling, preventing its translocation into the
nucleus and transcription of Bim (Brunet et al. 1999; Riou et al. 2007).

CD4+ Naïve T cell generation
Thymocyte progenitors move through a coordinated progression of phases on their way
to maturation, which can be marked by expression of cell surface markers (reviewed in
(Koch & Radtke 2011)). Upon entering the thymus progenitors express neither CD4 nor
CD8 and are termed DN (Godfrey et al. 1993). These cells progress through early
development expanding in number until they reach the TCRβ selection step. During this
developmental stage the individually rearranged TCRβ chains are paired with pre-Tα
and tested for signaling capability. If the cell receives a sufficient signal through the preTCR complex, it divides further and matures into a CD4+CD8+ (DP) thymocyte. At the
DP stage of development thymocytes undergo an additional TCR-signaling regulated
step where signaling through the TCR and co-receptors is quantitated. Robust TCR
signaling leads to negative selection and apoptosis, while thymocytes with moderate
signaling are selected to undergo the final maturation steps before exiting the thymus.
Thymocytes are thought to utilize the same signaling machinery as fully matured T cells
7

(reviewed in (Sprent & Surh 2011)). Because thymocytes are selected on MHC
containing self-peptide (spMHC) it is possible that these signals can be used in the
periphery for T cell maintenance.

Survival of naïve cells
A current model of naïve T cell persistence proposes that thymic selection of weakly
self-reactive T cells allows low-intensity TCR:spMHC interactions in the periphery to
provide enough stimulus to prevent cellular death in the periphery (Garbi et al. 2010).
These low-intensity interactions may induce the same signaling pathways as antigenic
signals, however at a reduced intensity. In support of this, adoptive transfer studies
have shown that TCR transgenic cell persistence is correlated with low precursor
frequency (Hataye & Jenkins 2006). These TCR transgenic cells are all competing for
the same sp:MHC, and its availability limits the size of the peripheral naïve pool
(reviewed in (Jameson 2002)). Mice which lack the adaptor molecules Lck and Fyn
loose their naïve T cell pool over time (Seddon & Zamoyska 2003), indicating that
upstream antigenic and “tonic” signaling is similar.

Maintenance of quiescence
Mature naïve T cells are maintained in a quiescent state in the periphery to prevent
inappropriate activation, through mechanisms such as regulation of metabolic rate
(reviewed in (Hua & Thompson 2001)). Naïve cells have decreased metabolic activity
and rely on a combination of fatty acid metabolism with minimal amounts of glycolysis for
their maintenance (Fox et al. 2005). Naïve cells receive many of the signals that drive
oxidative phosphorylation and uptake of nutrients through cytokines and TCR
8

stimulation. This causes naïve cells cultured in isolation with extracellular nutrients yet
in the absence of exogenous cytokines to eventually die. “Tonic” TCR stimulation and
cytokine signaling increases Glut1 on the cellular surface, allowing for glucose transport
into the cell. Glut1 is rapidly internalized upon ligand binding and requires continuous
stimulation to maintain cell surface levels (Wieman et al. 2007). A second method of
quiescence maintenance of naïve T cell is the TCR tuning they receive just before
exiting the thymus. This step upregulates negative regulatory factors such as CD5,
SHP-1, and Cbl-b, to set the TCR signaling threshold at a level that will not induce
homeostatic proliferation and conversion into the CD44hi compartment (reviewed in
(Sprent & Surh 2011)).

Memory Cells
Memory cells are generated upon division and activation of naïve cells. They are
phenotypically marked by expression of the cell surface receptor CD44, a glycoprotein
involved in activation, migration, and homing (Shimizu et al. 1989; Huet et al. 1989).
CD44hi T cells are comprised of two distinct populations: memory phenotype (MP) and
antigen-experienced memory cells (AgSp). While both cell types arise from the naïve
pool, their methods of generation are distinctly different (reviewed in (Surh & Sprent
2008)). MP T cells are found in the absence of foreign antigen and arise from naïve cell
contact with gut flora or with self-peptide:MHC (sp:MHC) in the presence of
overabundant cytokine, such as IL-7, IL-15, or IL-2 (Murali-Krishna & Ahmed 2000;
Kieper et al. 2005; Ramsey et al. 2008). AgSp memory cells are generated in response
to a challenge with a foreign antigen, and are defined by their ability to respond to the
peptide they were originally generated against. The use of CD44 as a marker for
9

memory in early studies produced confusion in the field because it does not distinguish
between these two populations. Recent studies have stressed the importance of
separating these cell types, as they have distinct homeostatic requirements.

Pathogenic activation of naïve cells to form memory
Naïve cells in the periphery are maintained in a dormant state until infection or
vaccination occurs. Upon encountering a mature antigen-presenting cell (APC) that
carries a foreign peptide bound to MHC, the specific T cell binds and receives an
activating signal (signal 1) (reviewed in (Smith-Garvin et al. 2009)). Costimulatory
signaling (signal 2) is provided at the same time by the mature APC. A final signal 3,
provided by the inflammatory environment, is necessary to produce a productive T cell
response. The amount of antigen presented to the adaptive immune response dictates
how large the effector and subsequent memory pool will become, while signal 3 dictates
the type of immune response that will be generated (Kim & Williams 2010). Stimulation
of naïve cells in the absence of signals 2 and 3 can lead to inactivation or anergy
(Harding et al. 1992). Inflammatory cytokines, such as IL-12, type 1 IFN, or IL-1, can act
as a third signal in the activation of T cells (Curtsinger et al. 1999; Keppler et al. 2012).
The specific cytokine responsible for signal 3 varies depending on the pathogen. For
example, lymphocytic choriomeningitis virus (LCMV) produces type 1 IFN, while Listeria
monocytogenes (Lm) and vaccinia infection produce IL-12 (Kolumam et al. 2005; Xiao et
al. 2009). How these inflammatory cytokines act to promote the T cell response is still
unclear. Studies suggest that IL-1 can act directly on CD4+ T cells (Dinarello 1998).
Alternatively, TNFα and IL-1 can also act on DCs to induce CD40 expression, causing
upregulation of the costimulatory receptor B7 on APCs (Grewal et al. 1995; Yang & J. M.
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Wilson 1996). Regardless of its mechanism of action signaling through inflammatory
cytokines enhances and directs the T cells response to become pathogen specific.

Model Pathogens LCMV and Lm
LCMV is a naturally occurring mouse arenavirus that is non-cytopathic and causes
systemic infections (Ahmed et al. 1987; Jamieson et al. 1987). Infection of C57BL/6
mice with LCMV induces a strong T cell response mediated almost entirely by CD8+ T
cells, with CD4+ T cells playing a supportive role (Ahmed et al. 1987; Matloubian et al.
1994). There are many strains of LCMV but a well-characterized genetic variant, used in
Chapter 4 of this study, is Armstrong. The CD8+ T cell response to LCMV Armstrong
peaks around day 8-post infection, while the CD4+ response does not maximally expand
until day 9 (Butz & Bevan 1998; Homann et al. 2001). Both populations of T cells
contract to 5-10% of their expanded size and form stable memory populations by 30
days after infection. The memory experiments performed in Chapter 4 of this study will
focus solely on the CD4+ T cell subset, as the CD8+ memory T cell data is published
elsewhere (Wiehagen et al. 2010).

Lm is a gram-positive intracellular bacterium that invades both phagocytic and nonphagocytic cells causing infection in humans and mice (Kaufmann 1993). The main
mechanism for virulence in Lm is expression of listeriolysin, which causes pore formation
and aids in bacterial escape from intracellular vacuoles (Hamon et al. 2006). Strains of
Lm with increased virulence also express ActA, a protein critical for actin polymerization
that aids in intracellular motility and cell-to-cell spreading (Cameron et al. 2000). Loss of
the ActA virulence factor decreases the LD50 10-fold (Portnoy 2002). Lm can be
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administered to cause infection by either oral, intranasal, or intravenous (i.v.) route,
however infection i.v. requires 105-106 fold less bacteria, in part because of the
inflammatory environment generated by different infection routes (Ohtsuka et al. 1995;
Pepper et al. 2010). The studies presented in Chapter 4 utilize a strain of ActA sufficient
bacteria expressing the LCMV immunodominant peptide under the I-Ab promoter, GP6180. Infection with Lm-GP61 induces a robust CD4+ T cell response with resulting
memory generated against the GP61 epitope (Williams et al. 2008). This allows for
tracking and characterization of the AgSp response with a known tetramer.

Lymphopenia induced proliferation to generate MP cells
MP cells have been shown to exist in young mice as soon as thymic output begins, and
in gnotobiotic mice (Kieper et al. 2005; Min et al. 2005). Because of the high activation
threshold of naïve cells, either antigenic TCR:spMHC contacts or excessive cytokines
are needed to drive conversion of naïve cells into the MP pool, such as those provided
upon transfer into lymphopenic hosts (Hamilton et al. 2006). The self-peptide against
which MP cells are generated maintains them in a higher state of activation, possibly
through chronic stimulation with their peptide of origin (Surh et al. 2006). This
heightened activation state also causes MP cells to have a two- to three-fold higher rate
of homeostatic proliferation than other CD44hi cells (Goldrath et al. 2002; Tan 2002;
Tough & Sprent 1994; Lenz et al. 2004). This high rate of division may be driven not
only by interactions with their cognate Ag, but by recurrent lymphopenia within
microenvironments leading to localized sites with excess cytokine (proposed in (Yates et
al. 2008)).
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When naïve T cells are transferred into a recipient lacking lymphocytes, they divide to fill
the perceived space and upregulate the cell surface receptor CD44 to join the memory
phenotype compartment (MP). This division is termed lymphopenia-induced proliferation
(LIP) and is dependent on both cytokine and TCR signals. The strength of the
TCR:spMHC interaction has been shown to dictate the rate at which these cells divide.
LIP differs from antigen-induced division in that it relies on a model of successive
TCR:spMHC interactions leading to single random divisions, rather then the proliferative
burst caused by antigenic signaling (Yates et al. 2008). Furthermore, microarray studies
on CD8+ T cells expanded by LIP show that these cells have a similar genetic profile as
cells undergoing full activation to foreign antigen, except for genes associated with
effector activity (Goldrath et al. 2004), implying that much of the same TCR signaling
machinery is utilized, but possibly not all.

The ability of naïve cells to expand into the CD44hi MP compartment by LIP can be
predicted based on their TCR signaling strength (reviewed in (Sprent & Surh 2011)).
CD5 is a negative regulator of TCR signaling whose levels are initially set during
development in the thymus (Tarakhovsky et al. 1995). High levels of CD5 correlate with
TCRs of increased signal strength. T cells with the highest levels of CD5 have the
highest capacity for LIP and long-term survival (Smith et al. 2001; Kieper et al. 2004).
This increased survival potential was thought to be due to the perceived signal strength
of the cell expressing the most CD5, but recently has been correlated with elevated
levels of IL-7Rα on the cell surface (Palmer et al. 2011). The elevated levels of IL-7 may
aid cells in the “space” sensing capacity, but follow up studies have yet to confirm this.
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Maintenance of the CD4+ Memory Compartment
MP Cells
MP cells can be divided into two populations based upon their rate of division, with slowdividing cells requiring TCR:spMHC and fast-dividing cells reliant on cytokines (Purton et
al. 2007). Division is readily visualized in these two subsets by using proliferation dyes
such as CFSE. CFSE, initially used as a cell tracking dye, binds amine groups on
cytosolic proteins, and divides evenly between daughter cells upon division (Weston &
Parish 1990; Lyons & Parish 1994; Wells et al. 1997). Injection of CFSE labeled MP
cells into RAG-/- recipients results in a fully divided subset and a population of cells that
have undergone up to 4 rounds in a weeks time. The fast-dividing population comprises
a minority of the CD4+ MP pool, yet accounts for most of the division within the MP
population (Tan 2002). TCR sequencing studies showed that these cells are comprised
of only a few distinct TCR sequences (Younes et al. 2011). These prolific cells are
housed within the CD62Llo compartment, and appear more effector-like yet do not
produce cytokines (Purton et al. 2007). The fast-dividing population is less frequent in
germ-free mice, and thought to be generated from naïve cell expansion with either
foreign antigens or as a result of bystander activation. The presence of at least two
populations of cells within the MP pool complicates studies of their persistence.

Basal homeostatic division within the fast-dividing MP subset is dependent on
TCR:spMHC interactions. This is evidenced by the dramatic decrease in division after
TCRα or Lck/Fyn deletion (Polic et al. 2001; Seddon et al. 2003). Further, when MP
cells are transferred into MHC-II deficient results in loss of cells (Martin et al. 2003).
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Transfer of MP cells into scid mice also reduces their division dramatically (Kieper et al.
2004).

Unlike fast-dividing MP cells, slow-dividing cells express higher levels of CD62L, and
seem to share their persistence characteristics with AgSp cells, relying on cytokine
signaling for their maintenance (Surh & Sprent 2008). CFSE labeled transfer
experiments show that slow-dividing memory cells are able to undergo division in the
absence of all MHC-II, and that only when these cells are transferred into IL-7-/- animals
is division lost (Purton et al. 2007). Recovery of MP cells is also severely affected by
loss of cytokine signaling.

AgSp Cells
Unlike MP cells, AgSp memory cells undergo a slow rate of homeostatic turnover driven
mainly by cytokine signaling. The two cytokines implicated in the persistence of AgSp
memory cells are IL-7 and IL-15. CD4+ memory cells express higher levels of IL-7
receptor, making it the dominant cytokine for this population (Lenz et al. 2004). Cytokine
signaling is also important for the survival of CD4+ AgSp memory T cells, as excess IL-7
or IL-15 increases homeostatic proliferation and upregulates the anti-apoptotic factors
Bcl-2 and Bcl-XL (Lenz et al. 2004; Purton et al. 2007). Cytokine signaling plays a large
role in the maintenance of this population as illustrated by the decreased survival of
AgSp cells when transferred into IL-7 or IL-15 deficient hosts (Purton et al. 2007).
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The role for TCR:spMHC interactions in AgSp CD4+ memory T cell persistence is not
fully understood. Following adoptive transfer into MHC-II deficient mice, TCR transgenic
CD4+ memory T cells generated by adoptive transfer persist, suggesting that their
maintenance is TCR signaling independent (Swain 1999; Kassiotis et al. 2002;
Grandjean et al. 2003; Martin et al. 2003; Martin 2006). Conversely, several studies
have argued for a role of TCR:spMHC interactions in the survival and persistence of
CD4+ memory T cells. A1 TCR transgenic CD4+ memory T cells show full CFSE dilution
within a week of transfer into syngeneic MHC-II hosts, while cells transferred into
allogeneic or MHC-II-deficient recipients show only partial dilution (Kassiotis et al. 2003).
Reduced Bcl-2 and Glut1 mRNA, and an increase in apoptotic cells are also detected in
A1 TCR transgenic CD4+ memory T cells transferred into RAG2-/-γc-/-H-2Aβ-/- hosts (De
Riva et al. 2007). As the model is still inconclusive for the role of TCR signaling, it will be
interesting to determine the role of SLP-76 in persistence of this population, because if
SLP-76 is required it would suggest that these cells are more reliant on TCR:spMHC
signaling then previously thought.

Summary
Naïve and memory T cells are maintained by a combination of cytokines and
TCR:spMHC signaling. While, antigenic TCR signal transduction is reliant on adaptor
molecules to aggregate downstream signaling proteins and propagate signaling, the
signaling components necessary downstream of “tonic” signaling are ill-defined. Studies
in this manuscript confirm the role of SLP-76 in both antigenic and “tonic” TCR signaling
of mature lymphocytes, and suggest a new found role for SLP-76 in the division of a
subset of CD4+ AgSp memory T cells.
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Figure 1.1: TCR signaling cascade for activation
Schematic depicting the TCR signaling cascade. Crosslinking of TCR recruits Lck, ZAP70, LAT, and SLP-76 to form a signaling complex. Phosphorylation of these proteins
recruits downstream signaling molecules, and propagates signaling through PLCγ1, Erk,
PI3K, JNK, and NFAT.
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Chapter 2: Materials and Methods

Mice breeding, Tamoxifen treatment, and BrdU administration
Mice in which exon 3 of SLP-76 is flanked by loxP sites (SLP-76Flox) (Generation
previously described (Maltzman et al. 2005)) were bred to R26RYFP mice obtained from
F. Costantini (Columbia University). SLP-76Flox/FloxR26RYFP/YFP mice were intercrossed
with mice containing a germline deletion of SLP-76, generated by insertion of Neomycin
at exon 1, and expressing the CreT2 transgene (SLP-76+/-CreT2+) to generate cHET
(SLP-76Flox/+R26RYFPCreT2+) and cKO (SLP-76Flox/-R26RYFPCreT2+) experimental
animals. SLP-76+/-CreT2+ breeders were also intercrossed with SLP-76Y3F, SLP76Y112/128, SLP-76Y145, CA-STAT5, or Bcl-XL mice to generate the experimental animals
used in Chapter 3. SLP-76 Y→F mutants have been previously described and contain
point mutations converting tyrosine to phenylalanine at the positions indicated (obtained
form M. Jordan and G. Koretzky, University of Pennsylvania, described in (Jordan et al.
2006)). CA-STAT5 mice contain active STAT5b (two point mutations) under the Lck
promoter (Burchill et al. 2003). Bcl-XL animals obtained from JAX (#013738) express
human BCL2L1 cDNA under the control of the Lck promoter. ΔPTEN animals, where
both exons 4 and 5 are flanked by LoxP sites, were bred with SLP76FLOX/FLOXR26RYFP/YFP mice to separate alleles containing LoxP sites from mice
expressing Cre (obtained from L. Turka, originally described in (A. Suzuki et al. 2001)).
Recipient RAG2-/-CD45SJL mice were originally purchased from Taconic (#000461),
C56BL/6CD45.1/CD45.1 from NCI-Frederick (#01B96), and C57BL/6CD45.2 mice from Jackson
Laboratories. C57BL/6Thy1.1 mice were a gift from T. Kambayashi. All mice were
maintained at the University of Pennsylvania, and protocols were approved by the
institutional animal care and use committee.
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Tamoxifen in corn oil (Sigma) was resuspended in ethanol at a concentration of 1 mg/µL,
then diluted with corn oil for a final stock concentration of 20 mg/mL. Using a weightbased measurement, mice were administered tamoxifen for 5 consecutive days by oral
gavage (200 µg/g/day) to induce deletion. Mice were bled 3 days following treatment to
confirm deletion by inability to upregulate CD69 in response to CD3 crosslinking.

For proliferation experiments mice were administered 100µg BrdU (Sigma – B5002)
once by i.p. injection followed by 1 mg/mL in drinking water ad lib following tamoxifen
treatment for the amount of time described in each legend. In some cases, mice were
treated with IL-7/anti-IL-7 complexes using 3µg recombinant IL-7 mixed with 15µg of
anti-IL-7 administered i.p.

Antibodies and Reagents
Fluorochrome-conjugated antibodies used for staining were purchased from BioLegend,
eBiosciences, Invitrogen, or BD Biosciences. Anti-MHCII (clone M5-114) and anti-CD8
(clone 2.43) antibodies were purchased from Bio-X-Cell (West Lebanon, NH). IAb:GP61 tetramers conjugated to R-Phycoerythrin were obtained from the NIH Tetramer
Core Facility at Emory University (Atlanta, GA). PE-labeled sheep anti-SLP-76 antisera
were obtained from G. Koretzky (described in (Clements et al. 1999)). Anti-IL-7 antibody
M25 and human IL-7 was generously provided by Charles Surh (Scripps Research
Institute, San Diego, CA).
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Infection
Mice received 2x105 PFUs of LCMV-Armstrong by i.p. injection or 2x105 CFUs Lm-GP61
intravenously to initiate primary infection. Recall responses were generated by
inoculation with 2x105 CFUs of Lm-GP61 intravenously.

Depletion and I-AbGP61+ Tetramer Staining
Lymphocytes from spleen were isolated after hypotonic lysis with BioWhittaker ACK
solution (Lonza). For Lm-GP61 infected samples, lymph node and spleen were pooled,
and depleted using primary anti-MHCII and anti-CD8 Abs with Dynabeads (Life
Technologies) according to the manufacturer’s instructions. Cells were stained with IAb:GP61 tetramer (2ug/mL) at 37ºC in 5% CO2 for 3 hours.

Flow Cytometry
Lymphocytes were isolated from spleen and/or peripheral lymph nodes as indicated.
Peripheral blood was collected in 20U/mL heparin sodium (Abraxis), and isolated by
density gradient with Histopaque (Sigma). Alternatively, bone marrow was isolated from
femur and fibula. Cells underwent hyponic lysis and were counted using a
hemotcytometer. Surface and intracellular staining was performed using standard
methods. BrdU experiments were performed using an APC-BrdU Flow Kit (BDPharmingen) according to the manufacture’s instructions. Data was acquired using
either FACS-Calibur or LSR-II instruments (Becton-Dickinson). FACS analysis was
performed using FlowJo (Tree Star, Inc.). All BrdU experiments included and depict a
non-labeled control mouse for negative gating.
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Phospho-flow Analysis
Two million splenocytes were stimulated with latex beds (Invitrogen) uncoated or coated
with α-CD3 +/- α-CD4 (50 mcg each) for 30 minutes in HBSS. Cells were fixed for 10
minutes with 1% PFA, and permeabilized with ice cole MeOH. Following
permeabilization, cells were stained for flow cytometry and collected as described
above. FACS analysis is a comparison of all non-bead events, as determined by size
and staining.

In vitro Proliferation and Activation Marker Upregulation
Two million splenocytes were cultured in a flat-bottom 96-well plate with titrated doses of
anti-CD3 (2C11). To measure the upregulation of activation markers, eighteen hours
later cells were stained with α-CD4, α-CD8, α-CD69, and α-CD25 and evaluated by flow
cytometry. For in vitro proliferation experiments cells were labeled with CFSE or Cell
Trace Violet (Invitrogen) according to manufacturer instructions before culturing.

Blood Stimulation
Lymphocytes from peripheral blood were isolated on a density gradient using
Histopaque (Sigma-Aldrich). Cells mixed with C57BL/6 congenic splenocytes were
stimulated in the presence of Brefeldin A with media alone, 1µg/mL GP61 peptide
(GenScript), or with 5ng/mL phorbol myristate acetate (PMA) and 1µg/mL ionomycin.
After stimulation, cells were harvested and stained using a Cytofix/Cytoperm kit (Becton
Dickinson) according to the manufacturer’s instructions.
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Adoptive Transfer and In vivo Proliferation
For transfer experiments, endogenous CD44hi memory CD4 T cells were purified from
cKO and cHET mice 5 days after the last tamoxifen dose, using magnetic separation as
described (Miltenyi). CD44hi cells were labeled with Vybrant Dil Cell labeling solution
(PKH26 or Cell Trace Violet; Invitrogen) in PBS and transferred i.v. into sublethally
irradiated C57BL/6CD45.1 hosts (600rads using a Gammacell 40 Exactor), RAG-/- hosts, or
unirradiated C57BL/6CD45.1 hosts. To determine expansion, recovery of transferred cells
was compared between spleens of RAG-/- and C57BL/6 recipients. For some
experiments recipient mice were administered BrdU on days five through seven. BrdU
incorporation was measured using a BrdU Flow Cytometry Assay Kit (BD Biosciences)
according to the manufactures protocol.

Quantitative Real-time PCR
Cells were sorted by high-speed FACS directly into Trizol Reagent (Invitrogen). RNA
was isolated according to the manufacture’s instructions. cDNA was made using a
SuperScriptII First Strand kit (Invitrogen). Real-time PCR reactions were performed
using murine SLP-76, Bcl-2, Bcl-XL, Bim, and Actin primer/probe mix from Applied
Biosystems. Reactions were performed in 10µL total volume using a 7500 Fast RealTime PCR System with FastTaq Master Mix (Applied Biosystems). For analysis,
samples were normalized to actin levels and then set relative to cHET YFP+. Each
sample was performed in triplicate.
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Western Blotting
For unstimulated lysates T cells were purified by a combination of magnetic selection
and flow cytometric sorting. Alternatively, four million bulk splenocytes were left
unstimulated or were stimulated by the addition of 5µg/mL final anti-CD3 (500A2,
Pharmingen) for the indicated times. Cells were then lysed in a buffer containing 1%
Nonidet-P40, 150mM NaCl, 50mM Tris, pH 7.4 with 1mM Na3VO4, 5mM NaF, 1mM
PMSF, 5mM Na pyrophosphate and Protease Inhibitor Cocktail (Sigma). Proteins were
resolved by SDS-PAGE and transferred to a Trans-Blot Nitrocellulose membrane (BioRad Laboratories). Antibodies used for blotting included phospho-PLCγ-1 (Tyr783),
phospho-pp44/42 MAPK (Thr202/Tyr202), phospho-AKT (Ser-473), phospho-LAT
(Tyr191), and PLCγ-1 from Cell Signaling Technology and ERK1/2 (Santa Cruz) and
SLP-76 (eBioscience).

Mixed Bone Marrow Chimeras
Mixed bone marrow chimeras were generated by adoptive transfer of T cell depleted
bone marrow from CD45.2+ (C57BL/6, cHET, or cKO) and CD45.1+/CD45.2+
(C57BL/6) in a 70:30 ratio into lethally irradiated (900 Gy) recipients that were CD45.1+.
Alternatively, chimeras were mixed in a 50:50 ration from CD45.2+ (cHET or cKO) and
Thy1.1+ (C57BL/6). Eight weeks following reconstitution, mice were assessed for
chimerism in peripheral blood and analyzed for division through BrdU incorporation, or
infected with either LCMV or Lm-GP61. Mice were serially bled to monitor chimerism
during the course of infection.
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Statistical and Quantitative Analysis
Numbers of each cell type are determined based on frequency as determined by flow
cytometry and total cell numbers counted using a hemotcytometer. Half-life is calculated
using Excel v14.2 (Microsoft). Loss of naïve T cells can be described by the association
n = a x e-bt + c, where n= number of gated cells in the spleen, t = time after deletion, and
a,b, and c are constants with c fixed at 0 (Homann et al. 2001). P values are calculated
in Prism v5.0b (GraphPad) using unpaired two-tailed students T test. P values < 0.05
are considered statistically significant. Where appropriate, differences in variance were
accounted for by using a Welch’s correction, and individual data points were removed
using Grubb’s test for outliers.
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CHAPTER 3: The Role of SLP-76 in Naïve T Cells

Abstract
Signaling through the TCR governs all aspects of T cell biology, directing development,
activation, migration, division, and effector function. The adaptor protein SLP-76 is vital
to intracellular signaling downstream of the TCR. Cell lines lacking SLP-76 fail to form
the molecular signaling complexes necessary for signal transduction and lack productive
TCR signaling. Evaluation of the role of SLP-76 in mature naive T cells has been
impeded by the developmental defects that occur in the absence of SLP-76 in
thymocytes. Tamoxifen-regulated deletion of SLP-76 in mature antigen-inexperienced T
cells allows for analysis of the role of SLP-76 in T cell signaling without altering cell
surface phenotype or development. Our analysis demonstrates a critical role for SLP-76
in TCR-mediated signaling leading to activation, division, and survival.

Introduction
TCR signaling is vital for both T cell activation and development. Crosslinking of the
TCR leads to the activation of Src and Syk family kinases and the phosphorylation of
LAT (reviewed in (Jordan et al. 2003)). Activation of LAT recruits PLCγ1, Gads, and
SLP-76. LAT, Gads, SLP-76, and PLCγ1 come together to form a signaling complex
responsible for downstream signal propagation. In cell lines lacking one of these
components, this multi-molecular signaling complex fails to form, and TCR-signaling is
interrupted, preventing activation (Yablonski et al. 1998; Finco et al. 1998; Irvin et al.
2000; Abraham 2000). Furthermore, germline deletion of any of these components
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results in a failure of T cell development (Pivniouk et al. 1998; Clements et al. 1998;
Zhang et al. 1999; Kikuchi et al. 2001).

Because of its critical role in T cell development, the role of SLP-76 in TCR signaling in T
cells has not been fully described. Germline SLP-76 deficient animals exhibit a block in
development at the DN3 stage during TCR β-selection (Clements et al. 1998; Pivniouk et
al. 1998). CD4Cre-mediated deletion reveals a role for SLP-76 during development in
positive selection (Maltzman et al. 2005). Deletion via CD4Cre results in T cell
lymphopenia, abnormal expression of TCR/CD3, and abnormal surface expression of
activation markers, making them inadequate for the study of TCR-signaling in antigeninexperienced peripheral T cells.

To study the role of SLP-76 in TCR-signaling in antigen-inexperienced CD4+ and CD8+ T
cells mice were conditionally deleted following normal T cell development using a
ubiquitously expressed tamoxifen-responsive Cre recombinase (CreT2). Deletion in
adult mice does not alter the cell surface expression of TCR/CD3 or activation markers.
Following deletion, SLP-76 deficient naïve CD4+ T cells exhibit a block in TCR signaling.
Our studies establish a model for regulated deletion of SLP-76 after thymic development
and reveal a central role for SLP-76 in activation, division, and survival of naïve T cells.

26

Results
Deletion of SLP-76 correlates with expression of YFP
A CreT2 based method of deletion was used to determine the role of SLP-76 in antigeninexperienced T cell signaling. In this system the Cre-fusion protein is ubiquitously
expressed, yet inactive unless bound specifically to 4-hydroxytamoxifen or estrogen
antagonist ICI 182-780 (Feil et al. 1997). Upon ligand binding the T2 fusion protein
translocates into the nucleus and mediates deletion between loxP sites. Our breeding
strategy segregates breeders with loxP-flanked alleles of exon 3 of SLP-76 and Rosa26YFP reporter from those transgenic for Cre. The R26RYFP reporter contains a floxed
STOP cassette, preventing expression of YFP until after Cre recombination (Srinivas et
al. 2001). SLP-76Flox/FloxR26RYFP/YFP mice were intercrossed with mice heterozygous for
SLP-76 and the transgene encoding UBC-CreT2 to generate cKO (SLP76Flox/nullR26RYFP/+UBC-CreT2+) and cHET (SLP-76Flox/+R26RYFP/+UBC-CreT2+) controls.
Tamoxifen was administered to cHET and cKO mice for 5 days prior to analysis to
induce recombination of floxed alleles (Figure 3.1A). In cKO mice tamoxifen results in
expression of YFP and loss of SLP-76, while cHETs retain expression of SLP-76 off their
remaining allele.

In order to determine the extent of deletion and correlation with the YFP reporter,
populations of CD4+ T cells were sorted from mice one week after tamoxifen treatment.
mRNA was isolated from YFP+ and YFP- cells in cHET and cKO animals and reverse
transcribed to cDNA. Quantitation via RT-PCR shows complete loss of SLP-76 mRNA
in YFP+ cKO CD4+ T cells (Figure 3.1B). SLP-76 mRNA was also reduced in cKO YFPT cells as compared to the cHET, suggesting some deletion occurs in this population as
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well. Loss of a single allele of SLP-76 in YFP+ cells of cHET mice results in reproducible
reduction in SLP-76 mRNA, although these findings did not reach significance. Loss of
detectible SLP-76 mRNA within the YFP- cKO population suggests that deletion is more
efficient at the SLP-76 locus, and YFP expression underreports deletion of SLP-76.

To confirm that individual cells had lost protein, cHET and cKO splenocytes were stained
for intracellular SLP-76 expression. cHET CD4+ and CD8+ T cells showed equivalent
levels of SLP-76 protein in both YFP+ and YFP- cells, despite the slight differences
observed in mRNA (Figure 3.1C). Unlike their cHET counterparts, cKO CD4+ and CD8+
T cells both showed a lack of protein staining in the YFP+ population. The YFPcompartment in cKO mice is comprised of two populations, one expressing SLP-76 and
the other lacking expression. These data suggest that expression of YFP marks SLP-76
deficient cells, and that these cells can be used in TCR-signaling function studies.

Deletion of SLP-76 does not alter cell surface phenotype
To confirm that deletion of SLP-76 did not immediately alter T cells, cHET and cKO mice
were examined for both numbers and cell surface phenotype. cHET and cKO
splenocytes were isolated between 5 and 10 days after the end of deletion. Total
splenic cellularity was unaltered in the absence of SLP-76 (Figure 3.2A). Following
tamoxifen administration, the percentage of CD4+ and CD8+ T cells remained stable with
approximately 20% and 13% respectively, regardless of genotype (Figure 3.2B). cHET
and cKO splenocytes were examined for alterations in naïve and memory populations
via staining with CD44 and CD62L. cKO mice maintained greater than 70% naïve
(CD44loCD62Lhi) CD4+ and CD8+ splenocytes following deletion of SLP-76 (Figure 3.2C).
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Additionally, cKO and cHET mice were analyzed for the presence of Tregs following
SLP-76 deletion. Figure 3.2D shows equivalent percentage of CD25+ cells within the
CD4+ compartment in both cHET and cKO mice. Therefore cells did not spontaneously
alter their cell surface phenotype upon deletion of SLP-76.

Finally, since multiple mouse models where TCR signaling is disrupted during T cell
development result in lower surface levels of TCRβ (Myung et al. 2001; Aguado et al.
2002; Sommers et al. 2002; Maltzman et al. 2005), the levels of TCRβ on the surface of
both CD4+ and CD8+ T cells was examined. Unlike cells in which SLP-76 had been
deleted using CD4Cre, cKO and cHET T cells in our system had equivalent expression
of TCRβ, and this level remained stable (Figure 3.2D). Deletion of SLP-76 does not
immediately alter the number or cell surface phenotype of CD4+ or CD8+ T cells.
Furthermore, these cells unlike those generated via CD4Cre deletion, are phenotypically
normal and can be used for biochemical and functional studies.

SLP-76 deficient T cells fail to transduce TCR-mediated signals
To determine the role of SLP-76 in peripheral T cell signaling, CD90+YFP+ T cells were
sorted from cHET and cKO mice. T lymphocytes were stimulated with soluble anti-CD3
antibody and assayed at various time points for signal transduction via western blotting.
TCR crosslinking results in phosphorylation of LAT in both cHET and cKO cells
suggesting proximal signaling upstream of SLP-76 is intact (Figure 3.3A).
Phosphorylation of LAT leads to recruitment of SLP-76 and formation of a multimolecular signaling complex, which amplifies and propagates the signals received
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(reviewed in (Smith-Garvin et al. 2009)). However, despite normal TCR surface
expression and LAT phosphorylation, SLP-76 cKO T cells were unable to phosphorylate
PLCγ1, a direct binding partner of P-LAT, suggesting a block downstream of the SLP-76
adaptor protein in the TCR signaling cascade.

As a complementary approach to measure downstream phosphorylation events,
splenocytes were stimulated with antibody-coated beads and analyzed for their ability to
phosphorylate ERK via flow cytometry. Splenocytes were stimulated for 30 minutes with
α-CD3, α-CD3 plus α-CD4 coated beads, or phorbol myristate acetate (PMA). As
shown in Figure 3.3B when gated on TCRβ+CD8- events cHET cells are able to
phosphorylate ERK in response to conjugation with anti-CD3 coated beads. Levels of PERK are further increased with additional crosslinking of CD4. In cKO cells P-ERK
levels remained at background with CD3 alone or additional CD4 crosslinking. PMA is
able to phosphorylate ERK despite the loss of SLP-76 since it acts downstream by
directly activating PKC, suggesting the rest of the TCR signaling machinery is intact in
cKO cells.

Finally, to address if downstream indicators of TCR signaling would be altered in the
absence of SLP-76, TCR was cross-linked on the surface of naive T cells and
upregulation of both CD69 and CD25 on the cell surface was measured (Testi et al.
1989; Hatakeyama et al. 1989). TCR-stimulation showed cell surface marker
upregulation in both CD4+ and CD8+ T cells within the cHET splenocytes (Figure 3.3C).
However, cKO cells failed to upregulate these markers above unstimulated levels.
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Together these data confirm that the TCR signaling cascade is halted in the absence of
SLP-76 and cKO cells are unable to propagate downstream signals.

SLP-76 is not necessary for T cell trafficking to peripheral lymphoid organs
T cells have multiple signaling pathways and receptors leading to their activation. At the
T cell-APC interface, multiple signaling receptors are engaged, including but not limited
to TCR, costimulation pathways such as CD28 + OX40, and integrin interactions.
Integrins function to improve T cell-APC cell contact, and lower the TCR activation
threshold through actin cytoskeletal rearrangements (Jordan et al. 2003; J. I. Suzuki et
al. 2007). Integrins are also vital for T cell extravasation from blood vessels and entry
into tissues. SLP-76 has been shown to play a role in integrin signaling in myeloid
lineages and T cells (Newbrough et al. 2003; Baker et al. 2009; Block et al. 2012). To
determine if loss of SLP-76 would have any impact on the homing of peripheral T cells,
CD90+ cells were isolated from cHET and cKO mice, labeled with cell tracking dyes, and
mixed together before being injected i.v. into congenically marked C57BL/6CD45.1
recipients. After twelve hours the mice reached homeostasis and the donor tissues and
blood were examined for cell entry/exit. As shown in Figure 3.4C, twelve hours after
injection cKO labeled cells were present in equal frequency in blood, lymph node, and
spleen, and this reflected the frequency found in the preinjection mixture. Further gating
on YFP+ cells showed similar results. Across all experimental animals cKO cells made
up about 60% of the donor cells in each organ, suggesting that in a 12-hour time frame
cKO are as capable of homing to lymphoid organs as cHET cells, and that at
homeostasis there are no trafficking defects (Figure 3.4B).
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SLP-76 deficient T cells cannot divide in response to TCR signals
TCR signaling in antigen-inexperienced T cells results in both activation and division. To
assess if division is SLP-76 dependent, the proliferative capacity of cKO T cells was
examined. Splenocytes from SLP-76 cKO and SLP-76 cHET mice were labeled with
Cell Trace Violet and stimulated with anti-CD3 in vitro. Binding of Cell Trace Violet to
intracellular amines allows for equal distribution between daughter cells upon division.
CD4+ and CD8+ SLP-76 cKO T cells fail to proliferate, and dilute the violet dye in
response to TCR simulation, while cHET CD4+ and CD8+ cells showed division (Figure
3.5A).

T cells can also undergo proliferation in response to excess space, termed LIP, through
the integration of both cytokine and “tonic” (self-peptide-MHC:TCR) signals (Goldwrath
JEM 2002). To address whether LIP requires SLP-76-dependent signals, T cells were
isolated from cHET and cKO mice and injected into congenically marked RAG-/-SJL or
C57BL/6SJL recipients. T cells were allowed to expand for one week and the ability of
cHET and cKO T cells to incorporate BrdU was measured over the final two days of the
experiment. Cells injected into C57BL/6 recipients should not divide and will therefore
will not incorporate BrdU. As shown in Figure 3.5B CD4+ and CD8+ T cells from the
cHET underwent LIP and incorporated BrdU (dashed line). cKO T cells (solid line)
showed almost no BrdU incorporation, indicating a role for SLP-76 in division even in the
presence of excess cytokines. The inability of excess cytokines to overcome loss of
SLP-76 is intriguing and will be expanded upon in Chapter 3.
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Ablation of SLP-76 prevents cellular survival
“Tonic” TCR stimulation of naïve T cells is defined by TCR:self-peptide MHC stimulation.
“Tonic” TCR interactions along with cytokines drive naïve T cell survival. Other systems
which use ablation of TCRβ or loss of the adaptors LCK/Fyn show that naïve CD4+ and
CD8+ T cells without “tonic” TCR signaling have a half-life of 46 and 16 days respectively
(Polic et al. 2001; Seddon & Zamoyska 2003). To determine if the “tonic” TCR signals
necessary for naïve cell survival also require SLP-76, mice were serially bled mice after
tamoxifen administration and analyzed peripheral blood for the presence of YFP+ T cells.
The cHET and cKO mice used in this study were previously infected with LCMV and are
used in CD4+ persistence studies described in Chapter 4. Despite the decreased
percentages of naïve T cells due to previous infection, any cell lacking CD44 expression
did not participate in the immune response, and can be characterized as antigeninexperienced. CD4+ total (Figure 3.6A) and CD8+ total (Figure 3.6C) naïve T cells are
maintained in both cHET (closed circle) and cKO (open circle) spleens at levels
comparable to matched C57BL/6 (gray triangle) mice until at least 30 weeks following
deletion. However, cKO YFP+CD4+CD44lo T cells (open circles) are significantly
reduced in number compared to cHET (closed circles) cells as early as week 15 after
deletion of SLP-76 (Figure 3.6B). Loss of YFP+CD8+CD44lo cells was also observed in
cKO animals (Figure 3.6D). Calculating the half-life of naïve CD4+ T cells in the cKO
gives an approximation of 6-8 weeks, which is comparable to published literature
(Clements et al. 1998; Polic et al. 2001; Pivniouk et al. 1998). Together, these data
suggest that the tonic TCR signals required for naïve T cell survival are SLP-76
dependent.
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Discussion
This chapter describes a conditional deletion system of SLP-76 in mature antigeninexperienced T lymphocytes. In order to bypass developmental abnormalities
associated with deletion of SLP-76 in the thymus, mice were deleted using a tamoxifenregulated Cre to induce deletion in the periphery. Deletion of SLP-76 in peripheral T
cells does not alter T cell phenotype or frequency. Loss of SLP-76 in mature cells
reveals a vital role in proximal TCR signal transduction as well as activation and division.
Finally, loss of SLP-76 affects naïve T cell survival and “tonic” signaling.

The use of ubiquitously expressed CreT2 has both advantages and disadvantages.
Since Cre is expressed in all cell types, this model provides us with the ability to study
dependence on SLP-76 in other hematopoietic lineages. However, interpretation of
splenic culture studies and in vivo work could be complicated by deletion in APCs or
other cell types. Deleting via CreT2 halts thymocyte development in cKO animals,
preventing the emergence of new SLP-76 deficient naïve T cells. The absence of thymic
output allows us to directly quantitate the average lifespan of naïve T cells without
needing to perform thymectomy.

A current model of naïve T cell persistence proposes that thymic selection of weakly
self-reactive T cells allows low-intensity TCR:spMHC interactions in the periphery to
provide enough stimulus to prevent cellular death in the periphery. These low-intensity
interactions are thought to induce the same signaling pathways as antigenic signals,
however at a reduced intensity. In adoptive transfer studies, increased persistence of
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TCR transgenic cells is correlated with low precursor frequency, indicating competition
for the same sp:MHC specificity (Foulds & Shen 2006; Hataye & Jenkins 2006). In
support of this model, naïve T cells deprived of TCR signaling through loss of TCRβ or
the proximal signaling adaptors Lck/Fyn are unable to persist (Seddon et al. 2003). In
the absence of SLP-76 naïve T cells become outcompeted and quickly replaced by their
SLP-76 sufficient YFP- counterparts. The finding that SLP-76 is required for naïve T cell
persistence further suggests that typical TCR signaling pathways downstream of “tonic”
TCR signaling are utilized for survival.

Multiple mechanisms are in place to prevent accidental activation of naïve T cells. One
method of quiescence in mature naïve T cells is their low metabolic activity (reviewed in
(Sprent & Surh 2011)). “Tonic” TCR stimulation and cytokine signaling are required for
naïve T cell survival (Rathmell et al. 2000). One way in which the receptors accomplish
this is through regulation of Glut1. Glut1 on the cellular surface binds extracellular
glucose and allows for transport into the cell and use in the TCA-signaling pathway.
Glut1 is rapidly internalized upon ligand binding and requires continuous stimulation to
maintain cell surface levels (Wieman et al. 2007). Because of the reduced cellular
survival following deletion of SLP-76, it would be interesting to measure the levels of
Glut1 in cKO T cells to determine if this is also a SLP-76 dependent process.

Despite their high signaling threshold, naïve CD4+ and CD8+ T cells can become
activated and induced to divide in the presence of elevated homeostatic signals and
undergo LIP. IL-7 concentration increases with T cell depletion (Fry et al. 2001). This
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increased cytokine level directly drives LIP by amplifying the weak “tonic” TCR signaling
received by naïve T cells. LIP is also a SLP-76 dependent process. Microarray studies
on CD8+ T cells expanded by LIP showed a similar genetic profile as cells undergoing
full activation to foreign antigen, except for those genes associated with effector activity
(Goldrath et al. 2004). It will be interesting to examine if cKO cells are able to upregulate
any of these effector genes in the absence of SLP-76, or if all readouts of T cell
activation are truly SLP-76 dependent.

One measure for TCR signaling, and signal strength is the negative cell surface
regulator CD5 (Tarakhovsky et al. 1995). High levels of CD5 correlate with TCR
specificities of increased signal strength. T cells with the highest levels of CD5 have the
highest capacity for LIP and long-term survival (Smith et al. 2001; Kieper et al. 2004).
This increased survival potential is thought to be due to the elevated levels of IL-7Rα on
their surface. While antigenic signaling decreases surface IL-7R levels, homeostatic
TCR:spMHC signaling licenses the receptor (reviewed in (Sprent et al. 2008; Takada &
Jameson 2009)). For example, HY transgenic cells are unable to undergo LIP in
response to IL-7 or IL-2 in vivo when placed in female recipients, because of their low
TCR affinity (Rocha & Boehmer 1991; Kieper et al. 2004). Furthermore, naïve CD8+ T
cells parked in MHC-I-/- hosts lose the ability to signal though γ-chain cytokines in vitro,
implying that the response to IL-2 does require a “tonic” TCR signal (Cho JH Sprent J
JEM 2007). Since SLP-76 cKO cells do not transmit “tonic” TCR signals, it would be
interesting to determine their ability to respond to cytokines over time as this may
provide insights on the reasons cKO cells are not homeostatically maintained.
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The work presented here suggests that loss of SLP-76 in peripheral cells provides a
model similar to Lck/Fyn double deletion. Loss of SLP-76 results in a lack of
phosphorylation events downstream. The lack of productive signaling feeds into
downstream activation and division defects. Finally, similar to Lck/Fyn dKO cells SLP-76
cKO cells are unable to undergo LIP, or peripheral maintenance, despite proper homing
(Seddon et al. 2003). However unlike Lck/Fyn deletion models, loss of SLP-76 does not
result in an immediate drop in peripheral T cell numbers. Furthermore deletion with
CreT2 results in permanent loss of SLP-76, while expression of Lck requires constant
treatment with doxycycline. Temporal deletion of SLP-76 in T cells allows us to easily
address questions about TCR signaling requirements in multiple T cell lineages and
provides us with a model of loss of TCR signals for the studies presented in Chapters 3
and 4.
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Figure 3.1: SLP-76 is efficiently deleted in naïve T cells
A. Deletion timeline (top) showing 5 consecutive days of tamoxifen administration.
Schematic representation (bottom) of genetic deletion in cHET (left) and cKO (right)
animals. LoxP sites are indicated by reverse triangles, exons by gray boxes, and active
transcription by arrows. B. YFP+ and YFP- T cells sorted from cHET and cKO animals.
Real-time PCR amplification performed for SLP-76 mRNA. Error bars represent
standard deviation of triplicate reactions. Graph is representative of two individual
experiments. C. Splenocytes are intracellularly stained for SLP-76 expression. FACS
plots are gated on CD4+ or CD8+ lymphocytes as shown. Relative percentage of cells
within the gated region are shown. Plots are representative of 3 independent
experiments.
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Figure 3.2: Deletion of SLP-76 from mature T cells does not alter the cell surface
phenotype
Single cell suspensions from spleens of tam-treated cHET and cKO mice were surface
stained with the indicated antibodies and analyzed by flow cytometry. A. Total splenic
cellularity is calculated after SLP-76 deletion. B. Contour plots showing staining for
CD4 and CD8. C. Contour plots showing percentages of naïve and memory T cells by
gating on CD44 and CD62L levels as shown. D. Representative plots of CD4+ gated
cells for CD25 expression. E. Histograms showing TCRβ levels of splenic cells gated on
CD4+ (left) and CD8+ (right) from cHET (shaded histogram) and cKO (open histogram).
Relative percentages found in each gated area are shown. Data in B, C, D, and E are
representative of three independent experiments with at least one mouse per genotype.
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Figure 3.3: SLP-76 cKO T cells are unable to transduce TCR-mediated signals
A. YFP+CD90+ sorted splenocytes were left unstimulated or stimulated with α-CD3
(500A2) for the time periods indicated followed by lysis and western blotting to detect
phosphorylated LAT, and PLCγ1. Total PLCγ1 is shown as a loading control. B.
Splenocytes were stimulated for either latex beads alone, beads coated with α-CD3,
beads coated with α-CD3 plus α-CD4, or PMA. ERK phosphorylation was assessed by
phosphoflow analysis. Plots are gated on TCRβ+, CD8- events. C. Splenocytes isolated
from cHET (gray line) and cKO (black line) mice were left unstimulated (shaded
histograms) or were stimulated overnight with soluble α-CD3. Cells were surface
stained with CD4, CD8, CD69 and CD25. Expression of CD69 (left) and CD25 (right) on
CD4+ (top panels) and CD8+ (bottom panels) cells are shown. Data for A. courtesy of
Jennifer E. Smith-Garvin. Data in A, B, and C are representative of two independent
experiments.
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Figure 3.4: Loss of SLP-76 does not affect homing to secondary lymphoid organs
A. Thy1.2+ cells from cHET (unlabeled) and cKO (Cell Trace+) cells were labeled ex
vivo, mixed 40:60, and injected i.v. into C56BL/6CD45.1 mice. Twelve hours later blood,
spleen, and lymph nodes were analyzed for migration into lymphoid organs. Plots are
gated on donor CD4+ T cells, and show migration into each tissue type. B. Quantitation
of percentage of cHET and cKO cells within the donor population found in each organ.
Data in C and D are representative of 3 independent experiments, with alternate
populations labeled, injecting 3 recipients per experiment
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Figure 3.5: SLP-76 is required in mature T cells for proliferation
A. Splenocytes were labeled with Cell Trace Violet and either left unstimulated (gray) or
stimulated with 0.3 µg/mL of α-CD3 (black line) in vitro for seventy-two hours, then
stained with CD4 and CD8. Proliferation is measured by dilution of Cell Trace Violet in
CD4+YFP+ gated (left panels) and CD8+YFP+ gated (right panels) are shown. B. Thy1.2+
T cells from cHET (dashed line) and cKO (solid line) cells were adoptively transferred
into RAG2-/- or C57BL/6CD45.1 mice. Recipients were treated with BrdU from days 5 to 7.
Suspensions taken from lymph node 7 days after transfer gated on CD45B6 donor, YFP+,
then CD4 (left) or CD8 (right) are shown. Shaded histograms represent BrdU
incorporation into cells transferred into non-lymphopenic congenic mice, where no LIP is
expected. Data shown is representative of 2 independent experiments with a total of 9
recipients in each experiment.
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Figure 3.6: SLP-76 is required for naïve T cell persistence
Mice are previously infected prior to administration of tamoxifen and deletion of SLP-76.
Quantitation of A. CD4+CD44lo B. YFP+CD4+CD44lo C. CD8+CD44lo D. YFP+CD8+CD44lo
cells from spleens of C57BL/6 (triangle), cHET (closed circle), or cKO (open circle) mice.
Cell numbers are calculated using FACS. Data are a combination of at least 2
experiments with more then 6 mice total per genotype at each time point.
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CHAPTER 4: Division of Memory Phenotype Cells Requires
Signaling Through the Tyrosines of SLP-76

Abstract
Memory phenotype cells rely on both TCR:spMHC signaling and cytokines to divide.
Division in the MP compartment occurs within two distinct pools: slow and fast. Slowly
dividing cells utilize cytokines, while rapidly dividing cells rely on TCR:spMHC. Temporal
deletion of SLP-76 is used to determine the requirement for SLP-76-dependent signaling
in the division of these two populations. Fast dividing MP cells are reliant on SLP-76 for
their homeostatic turnover, and at least one tyrosine of SLP-76 is required for BrdU
incorporation. SLP-76 cKO MP cells quickly become outcompeted in models of
lymphopenia induced proliferation because of their lack of division. Slow dividing MP
cells also require SLP-76 for homeostatic turnover; however, excess signaling through
the IL-7 receptor can augment division of this population. Surprisingly, our studies
suggest that slow dividing MP cells rely also on SLP-76 for at least some of their
division, potentially implicating SLP-76 in the IL-7 signaling cascade.

Introduction
CD44hi memory T cells are comprised of two distinct populations: memory phenotype
and antigen-experienced memory cells (discussed in Chapter 4), which can be
distinguished by their origin. MP T cells are found in the absence of foreign antigens
and arise from naïve cell contacts with gut flora or self-peptide:MHC (sp:MHC) in the
presence of overabundant cytokine, such as IL-7, IL-15, or IL-2 (Murali-Krishna &
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Ahmed 2000; Kieper et al. 2005; Ramsey et al. 2008). MP cells exist both in young mice
as soon as thymic output begins and in gnotobiotic mice, indicating that they have some
reactivity to self-peptides (Kieper et al. 2005; Min et al. 2005). Naïve T cells receive
TCR tuning to increase negative signaling regulators just prior to thymic exit preventing
accidental activation and limiting their entry into the MP pool (reviewed in (Sprent & Surh
2011). Upregulation of these negative elements cause naïve cells to require either
antigenic TCR:spMHC contacts or excessive cytokines to drive their proliferation and
entry into the MP pool, such as those provided upon transfer into lymphopenic hosts
(Hamilton et al. 2006; Surh & Sprent 2008; Takada & Jameson 2009).

MP CD4+ T cells have a two- to three- fold increased rate of proliferation over other
CD44hi subsets (Tough & Sprent 1994; Lenz et al. 2004). Their self-reactivity causes
them to be maintained in a higher state of activation, possibly through chronic
stimulation with the peptide they were initially generated against, and thus they require
increased signaling for their maintenance (Surh et al. 2006). This increased proliferation
comes from a minor subset within the MP population with a rapid rate of turnover (Tan
2002). Because of the increased division within this population, approximately 30% of
the MP pool will incorporate BrdU during a three-day labeling period.

Division within the MP population can be driven by either TCR:spMHC signaling or
cytokines based on division rate. Early studies with H2-Aβ deficient hosts showed that
rapidly dividing cells did not require MHC-II for their division (Tan 2002). However,
follow up studies showed that H2-Aβ mice still contained H2-AαEβ MHC-II pairings that
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could drive proliferation (Martin et al. 2003). Furthermore, MP cells are unable to
undergo rapid division when transferred into mice lacking all MHC-II ligands through
deletion of both α and β chains of I-A and I-E (Purton et al. 2007). TCR signaling
deletion studies provide a similar story, in that both TCRα and Lck/Fyn are required for
turnover of the fast-dividing MP subset (Polic et al. 2001; Seddon et al. 2003).

In contrast to their rapidly dividing counterparts, slowly-dividing MP cells require cytokine
signaling for their homeostatic turnover. Transferring CD4+ MP cells into irradiated IL-7
deficient recipients prevents proliferation of the slowly dividing pool (Purton et al. 2007).
Addition of a mini-osmotic pump containing IL-7 can drive the slow division of MP cells
transferred into non-irradiated wild-type mice (Min et al. 2005). These studies illustrate
the differences in homeostatic turnover between the different populations within the MP
pool.

Lymphopenia induced proliferation (LIP) uses a combination of TCR:spMHC (“tonic”)
signaling and cytokines. It is thought that “tonic” TCR signaling may use the same
machinery as antigenic TCR signaling, and studies involving deletion of the adaptor
molecules Lck and Fyn suggest that upstream signaling is similar (Seddon et al. 2003).
However, unlike antigenic signals which cause a spontaneous burst of division, LIP
relies on a model of successive TCR:spMHC interactions leading to single random
divisions (Yates et al. 2008). Because of the differences in outcomes, the signaling
machinery utilized may not be entirely the same. Using the model system set up in
Chapter 3, the role of SLP-76 in both homeostatic division and LIP will be examined.
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SLP-76 is an adaptor protein in TCR signaling important for Ca2+ mobilization, and
activation of Akt, NFκB, AP1, and MAPK pathways (Smith-Garvin et al. 2009). It is
comprised of three distinct domains: a N-terminal tyrosine rich domain, a proline-rich
central region, and a c-terminal SH2 domain. The most important of these domains for
mediating signal transduction, the N-terminal region, contains three tyrosines (112, 128,
and 145), which when phosphorylated mediate binding of Vav, Itk, and Nck. Retroviral
constructs with mutation of all three tyrosines to phenylalanine (termed Y3F) placed in
Jurkat cells lacking endogenous SLP-76 fail to activate ERK, PLCγ1, or mobilize calcium
(Yablonski et al. 1998). Further studies in mice show that thymocytes expressing only
this construct under the CD2 promoter have similar defects (Myung et al. 2001; Jordan
et al. 2003).

In this study, combination of SLP-76 deficiency and transgene addition was used to
determine the biochemical signaling requirements for SLP-76 in homeostatic division
and LIP. Homeostatic division and LIP require at least one functional N-terminal tyrosine
of SLP-76 for turnover. Both fast and slow dividing MP cells rely on SLP-76 for division;
however, some division is partially rescued by forcing signaling through IL-7. These
studies confirm that “tonic” TCR signaling requires SLP-76, and suggests that
intermediate, as well as proximal signaling, is similar between “tonic” and antigenic TCR
signals.
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Results
Loss of SLP-76 from MP cells prevents their homeostatic division and LIP
To determine if SLP-76-mediated signals were necessary for homeostatic division and
LIP the system of temporal deletion described in Chapter 3 was utilized. Briefly, cHET
and cKO mice were administered tamoxifen orally to induce deletion of SLP-76 and
expression of YFP in normally developed peripheral cells. In this system, YFP+ cells in
the cKO are SLP-76 deficient after treatment, while YFP+ cHET cells retain one
functional allele.

First the cell surface phenotype of cHET and cKO CD4+CD44hi (MP) cells was compared
to determine if loss of SLP-76 would affect the expression of the cell surface receptors
TCR and IL-7 necessary for division. Deletion of SLP-76 does not alter the frequency of
CD62Lhi cells within the MP pool (Figure 4.1A). Furthermore, loss of SLP-76 does not
alter the cell surface expression of TCRβ or CD127, the α-chain of the IL-7 receptor.
Continued expression of TCRβ and IL-7Rα suggests that these CD4+ MP cells would be
capable of receiving both signals unless loss of SLP-76 affects the signaling cascade
biochemically.

MP cells rely on a combination of “tonic” TCR and cytokine signaling to induce
homeostatic division and LIP. To examine the ability of CD4+CD44hi SLP-76 deficient T
cells to divide in vivo mice were placed on BrdU-containing drinking water. After three
days 20% of the cells within the cHET were able to incorporate BrdU, and equal
incorporation was seen in the YFP+ and YFP- fractions (Figure 4.1B). Unlike cHET cells,
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cKO MP cells showed very little BrdU incorporation within the YFP+ compartment. While
35% of YFP- cells were still able to divide, only 5% of YFP+ cells underwent division,
indicating a role for SLP-76 in homeostatic division.

To examine LIP, CD4+CD44hi T cells were purified from cHET and cKO animals and
injected into RAG-/- mice. RAG-/- hosts lack peripheral B and T cells and thus provide an
abundant source of both cytokines and spMHC. Figure 4.1C shows that both cHET and
cKO total CD4+ cells are present in equal percentages one week after transfer. Greater
then 30% of the donor CD4+ cHET cells within the spleen were also YFP+. Unlike their
SLP-76 containing counterparts, only 1.3% of the cells from the cKO expressed YFP,
suggesting that LIP is impaired in this population, or that this population is experiencing
an increased percentage of cell death. To determine the extent to which both
populations were able to expand the number of YFP+CD4+ MP cells within the spleens of
the RAG-/- recipients was calculated. Flow cytometric analysis of the preinjection
mixtures showed that approximately 800,000 cHET and cKO YFP+ MP cells were initially
injected (data not shown). After one week greater then 100,000 YFP+ cHET MP cells
were recovered from the spleens of the recipients (Figure 4.1D). cKO cells were far less
numerous as only 5,000 cells were recovered on average per spleen. The number of
recovered cells within the spleens of cKO recipients is slightly less than the expected
recovery rates potentially due to loss from “seeding” (Hataye et al. 2006). This
significant decrease in recovery of cells could be due to lack of expansion or death of
SLP-76 deficient cells, and will be addressed later in this chapter.
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A small portion (< 5%) of SLP-76 deficient MP cells are able to undergo homeostatic
proliferation. MP cells are comprised of both a fast-dividing and slowly-dividing
population. The cells with the fastest turnover rate are driven mainly by TCR:spMHC
signaling. The more slowly dividing cells are specific for foreign peptide and divide in
response to cytokines. To determine if the cells which still incorporate BrdU in the cKO
are in the fast- or slow-dividing pool CD4+CD44hi cells from cHET and cKO mice were
purified, labeled with PKH-26, and injected into slightly irradiated congenic WTCD45.1
recipients. PKH-26 is a lymphophilic dye that inserts itself into the cellular membrane
and dilutes stochastically into daughter cells upon division (Wallace et al. 2008). After
one week, cells can be segregated into either the fast or slow dividing pools based upon
their rate of division (Purton et al. 2007). As shown in Figure 4.1E, cHET and cKO cells
can be readily identified within the recipients one week after transfer. Division is evident
within the cHET YFP+ pool, as both the PKH-26 negative and dim populations are
present. cKO YFP+ recipients fail to exhibit this quickly divided population, indicating
that those cells that are normally fast dividing are completely reliant on SLP-76 for their
turnover. The PKH-26 dim population is also reduced in cKO recipients. While not
completely absent, it is difficult to determine the exact size of this pool because of the
inability to distinguish individual division peaks using this dye. These data suggest that
the few cells that are able to incorporate BrdU and divide within cKO animals come from
this slow dividing memory pool.

Lack of division within cKO cells is cell-intrinsic
Deletion with CreT2 abolishes SLP-76 in all tissues. To ensure that defects in
homeostatic division were due to loss of SLP-76 within the MP compartment specifically,
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mixed bone marrow chimeras were generated. Briefly, cHET or cKO bone marrow
(CD45.2+) was mixed 50:50 with congenically marked C57BL/6Thy1.1 bone marrow
(Figure 4.2A). These were injected into lethally irradiated C57BL/6CD45.1 expressing
mice. Chimeras were allowed to fully reconstitute before administering tamoxifen.

Following deletion, chimeras were bled to ensure loss of SLP-76 within the CD4+ T cell
compartment. Peripheral blood cells were incubated overnight in the presence of α-CD3
or PMA and ionomycin to induce expression of activation markers. Reminiscent of
Chapter 2, cHET cells (top) are able to upregulate CD69 and CD25 in response to αCD3 (Figure 4.2B). cKO cells (bottom) fail to respond to TCR stimulation and do not
increase cell surface expression of either marker. PMA and ionomycin directly activates
Ca2+ and PKC signaling bypassing SLP-76 in the TCR signaling cascade. PMA and
ionomycin promote activation of both cHET and cKO cells and results in upregulation of
both CD69 and CD25 regardless of SLP-76 expression.

To determine if cKO MP cells intrinsically require SLP-76 for division chimeric animals
were labeled with BrdU in their drinking water for 7 days and examined for division.
cHETCD45.2 and cKOCD45.2 splenocytes were present in equal frequencies to C57BL/6Thy1.1
competitors two weeks after deletion within the CD4+ MP compartment (Figure 4.2C).
BrdU was incorporated equally within the YFP+, YFP-, and Thy1.1+ compartments of
cHET:C57BL/6 chimeras. YFP- and Thy1.1+ cells within cKO:C57BL/6 chimeras also
showed about 50% division. Comparable with the lack of division seen in Figure 3.1B,
cKO YFP+ cells, the only population known to be SLP-76 deficient, had minimal BrdU
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incorporation. These data suggest that the requirement for SLP-76 in division is cell
intrinsic.

Increased survival does not promote division of cKO MP cells
Despite the retention of SLP-76 cKO cells at two weeks post deletion in our chimeric
animals, it is possible that these cells are preapoptotic and slated for death, preventing
division and BrdU incorporation. To address this possibility two different genetic mutants
were utilized, expression of Bcl-XL or constitutively active STAT5 (CA-STAT5), in
combination with deletion of SLP-76 to force cell survival. Bcl-XL is a Bcl-2 family
member shown to antagonize cellular death through binding with BAX (Sedlak et al.
1995). Addition of Bcl-XL under the LCK promoter can force maturation of DN
thymocytes and functions in many of the same pathways as Bcl-2 (Chao et al. 1995;
Chao & Korsmeyer 1997). Compound mutant mice both deficient in SLP-76 and
overexpressing Bcl-XL (cKO+Bcl-XL) were administered BrdU for 3 days to assess their
ability to divide. As shown in Figure 4.3A, cHET+Bcl-XL cells show division within 5% of
the YFP+ and almost 13% of the YFP- compartment. This reduction in division may be
due to loss of a single allele of SLP-76 in conjunction with increased survival, but has not
been fully explored. Almost 20% of total cKO cells are able to incorporate BrdU,
however loss of SLP-76 in the YFP+ compartment results in almost no BrdU
incorporation. These data suggest that promoting cell survival by overexpression of BclXL is not sufficient to induce division of SLP-76 deficient MP cells, and further suggests
that SLP-76 may be directly involved in the “tonic” TCR signals that drive division.
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To rescue potentially rescue cell survival a CA-STAT5 transgene expressed under the
Lck promoter was used. STAT5 is a transcription factor involved in proximal IL-7R
signaling that directly mediates transcription of Bcl2 (Jiang et al. 2005). The CA-STAT5
transgene contains a series of point mutations that result in constitutive phosphorylation
of tyrosine 699, mimicking the process by which STAT5 is activated in vivo (Burchill et
al. 2003). The CA-STAT5 transgene has been linked to increased survival potential of
both effector and memory cell (Grange et al. 2012). cHET and cKO mice either lacking
or containing the CA-STAT5 transgene were administered BrdU for three days to
determine the ability of CA-STAT5 to force SLP-76 deficient cells to live long enough to
divide. cHET CD4+ MP splenocytes showed no difference in division regardless of CASTAT5 expression (Figure 4.3B). Likewise addition of the CA-STAT5 transgene to cKO
MP cells did not allow them to incorporate BrdU. These results were confirmed that the
“tonic” TCR signals that mediate division require signaling through SLP-76.

Finally, the ability of cHET and cKO cells containing CA-STAT5 to undergo LIP was
examined. All four genotypes (cHET, cHET+STAT5, cKO, and cKO+STAT5) were
labeled with cell trace violet, injected into irradiated recipients, and allowed to divide for
one week. As shown in Figure 4.3C, all four cell types had equivalent labeling prior to
injection. After one week, cHET cells with and without the CA-STAT5 transgene show
division in both fast and slow dividing populations. Similarly to Figure 4.1E, cKO cells
fail to undergo LIP. Furthermore, addition of the CA-STAT5 transgene does not allow
SLP-76 deficient MP cells to proliferate. Taken together, the lack of division in SLP-76
deficient MP cells is likely not due to increased cell death, and potentially due to lack of
signaling.
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Homeostatic division and LIP require at least one tyrosine of SLP-76
Data presented in Figure 4.1 show that both homeostatic division and LIP rely on signals
propagated through SLP-76. To understand which of these signaling pathways
downstream of SLP-76 are responsible for division, SLP-76 mutants carrying point
mutations were utilized. The three domains of SLP-76 can be separated by their
signaling capacity, with the N-terminal-Tyr-containing domain responsible for signaling
through MAPK, NFAT, and AKT (Koretzky et al. 2006). To determine if the three Nterminal tyrosines of SLP-76 were responsible for propagating TCR-mediated signals
leading to division, mice carrying a mutant allele of SLP-76 with all three tyrosines
mutated to phenylalanine (Y3F) (Myung et al. 2001) were interbred to cHET and cKO
mice. This cross ensures normal development of T cells yet altered TCR signaling upon
tamoxifen administration. cKO cells expressing the Y3F transgene have intact upstream
signaling, as indicated by their ability to phosphorylate LAT upon CD3 ligation (Figure
4.4A). However, cKO+Y3F cells show defects downstream of SLP-76 in both ERK and
PLCγ1 phosphorylation. Additionally, cKO+Y3F cells are not able to maintain
phosphorylation of ZAP-70, indicating that known TCR-signaling meditators downstream
of these tyrosines are impaired.

To determine if these three tyrosines are also involved in homeostatic division and
expansion in a lymphopenic environment, cHET and cKO mice with and without the Y3F
transgene were deleted for SLP-76 and administered BrdU in vivo for three days as in
4.1B. Addition of the Y3F transgene to cHET cells does not affect their in vivo
proliferative ability (Figure 4.4B). MP cells from cKO mice show major defects in BrdU
incorporation, which are not rescuable by the addition of the Y3F transgene. To
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determine if cKO+Y3F are capable of undergoing LIP, splenocytes were isolated and
injected into RAG-/- or C57BL/6 control recipients. One week after injection the number
of expanded lymphocytes was calculated. This number, compared to the number of
cells persisting in C57BL/6 control mice, allowed us to determine the extent to which the
cells were able to expand in the presence of space and excess cytokine. Figure 4.4C
shows that cHET and cHET+Y3F cells are able to expand two- to three-fold in number
over the course of one week. Unlike those cells still expressing a wild-type allele of
SLP-76, cKO and cKO+Y3F cells showed virtually no expansion. Taken together, these
data suggest that the signals required for MP cell turnover and LIP are transduced
through the three proximal tyrosines of SLP-76.

To further dissect the signaling pathways necessary for division two additional tyrosine
mutants of SLP-76, Y112/128 and Y145 were used. Mice with these two mutant alleles
were obtained courtesy of M. Jordan, and have been previously described (Jordan et al.
2006). These mice were intercrossed with our SLP cHET and cKO mice to obtain
experimental T cells, which would convert to the sole use of the mutant allele after
tamoxifen administration. BrdU incorporation over a three-day window shows that just
fewer than 40% of the cHET cells have divided (Figure 4.4D). Surprisingly, cKO cells
expressing either the Y112/128 or the Y145 mutant are able to incorporate BrdU,
although not to the degree of cHET BrdU labeling. While not a full rescue of division, it
is greatly improved over other cKO experiments, indicating that the signals necessary for
division require at least one of the three N-terminal tyrosines of SLP-76.

55

Forced signaling through cytokines aids in division
The slow dividing pool of MP cells uses cytokine signaling, like IL-7, to drive division.
LIP experiments performed in Figure 3.1E show a small but possibly relevant population
of slowly dividing cells within our cKO MP pool. To determine if these cells are able to
respond to cytokine signaling in the absence of SLP-76, IL-7 signaling was altered in two
ways: deletion of PTEN and addition of IL-7/M25. IL-7 has two main signaling pathways
downstream of receptor ligation (Figure 4.5A). When IL-7Rα is cross-linked to the
common γ-chain, JAK1 and JAK3 autophosphorylate each other. This phosphorylation
event recruits and activates STAT5, and initiates the PI3K/AKT signaling cascade
(Ceredig & Rolink 2012). STAT5 mediates transcription of survival genes, and as shown
in Figure 4.3, does not aid in division in the absence of SLP-76.

To test if activation of Akt was sufficient to promote division in SLP-76 cKO MP cells, a
compoud mutant mouse which deletes PTEN (ΔPTEN), a negative regulatory element
directly opposing PI3K, was used (A. Suzuki et al. 2001). Figure 4.5B demonstrates that
upon tamoxifen administration YFP+ cHETΔPTEN splenocytes (dashed line) lack PTEN
but retain SLP-76 expression. YFP+ cKOΔPTEN splenocytes (solid line) not only lose
PTEN but also expression of SLP-76. Loss of PTEN alone aids in homeostatic division
as YFP+ cells within cHETΔPTEN mice increase BrdU incorporation by almost 10% over
cHET controls (Figure 4.5C). Approximately 30% of the YFP- cells from cKOΔPTEN
mice also divide. However, unlike their SLP-76 sufficient counterparts, YFP+ MP cells
from cKOΔPTEN only have 4-8% incorporation of BrdU. This frequency of dividing cells
is lower than the YFP- compartment, implying that fast dividing cells are not rescued by
deletion of PTEN.
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To determine whether slow dividing cells would undergo LIP splenocytes from all four
genotypes were labeled with PKH-26 and transferred into empty RAG-/- or unirradiated
congenic C57BL/6 hosts. Double deficient cells transferred into RAG-/- hosts failed to
show differences in PKH-26 dilution within the fast dividing population compared to loss
of SLP-76 alone (Figure 4.5D). However, there is a small population of cells that
underwent only a few rounds of division in the cKOΔPTEN. It is possible, that these
cells represent increased division within the slow dividing population.

To examine potential differences in Akt activation driven by cytokine signaling cHET and
cKO mice were treated with IL-7/M25. The combination of IL-7 and M25 (α-IL-7) allows
for a longer half-life of the cytokine and drives division of wild-type B and T cells
(Boyman et al. 2008). IL-7/M25 was given in conjunction with BrdU for one week
following deletion of SLP-76. cHET MP cells show an increase in BrdU incorporation
upon addition of IL-7/M25 (Figure 4.5E). As shown previously, in the absence of SLP-76
only 5% of the MP cells are able to incorporate BrdU. Administration of IL-7/M25 to cKO
mice increases division to almost 20%. While this increase still does not bring the
amount of BrdU incorporation up to the level of YFP- cells within the same mouse, the
increase is substantial. This implies that at least some division can be rescued when IL7 signaling is augmented.

Discussion
CD4+ MP cells can be divided into two populations, based upon their rate of division.
Fast-dividing MP cells rely on TCR:spMHC signals propagated through SLP-76 to
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homeostatically divide and undergo LIP. TCR-mediated division requires at least one
functional tyrosine of SLP-76. cKO MP cells have very little BrdU incorporation (less
than 5%). The cells that are still able to divide reside within the slow-dividing
compartment. This population is also impaired by deletion of SLP-76, but can be
partially rescued with excess IL-7 signaling.

Fast-dividing MP cells rely on TCR:spMHC or “tonic” TCR signaling for their turnover, as
loss of MHC-II prevents division of this population. Much of what is known about “tonic”
TCR signaling comes from studies done on developing T cells. “Tonic” TCR signaling
via ERK and Abl kinases downregulates expression of RAG to stop rearrangements
once a functional TCR has been generated (Roose et al. 2003). “Tonic” TCR signaling
to decrease RAG expression also requires calcium and Src kinase dependent signaling,
as pharmacological inhibitors FK506 and PP2 can prevent RAG downregulation
(Orlando et al. 2011). This suggests that many of the antigenic TCR signaling
components are also used in “tonic” signaling.

In MP cells “tonic” TCR signaling driven division requires expression of TCRβ and the
adaptor proteins Lck and Fyn (Polic et al. 2001; Seddon & Zamoyska 2002b). SLP-76
may also be involved in “tonic” TCR signaling. These studies show that the homeostatic
division process also requires SLP-76, and strongly suggest that “tonic” TCR signals
require SLP-76 for signal propagation.
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Unlike fast-dividing MP cells, the slowly-dividing population relies heavily on cytokines
for turnover. Deficiency in SLP-76 partially abrogates division within this subset,
implying a role for SLP-76 in cytokine signaling. Addition of IL-7/M25 rescued division
within SLP-76 cKO MP cells. However, when compared to cHET counterparts, IL-7/M25
did not enhance division to the same extent. One possible explanation for this may be
that IL-7/M25 is acting on both the slow- and fast-dividing populations. Since fastdividing populations require TCR-signaling for their division, addition of IL-7/M25 may
not be able to boost turnover to the same extent in this population. Alternatively, IL7/M25 may be acting solely on the slow dividing cells. One way to test these
hypotheses is to combine IL-7/M25 treatment with LIP to determine if the cKO cells able
to proliferate in the presence of excess IL-7 originate from the fast or slow dividing pool.

Experiments described above show that at least one functional tyrosine is necessary to
propagate the signals that drive homeostatic expansion of MP cells. Signaling studies
with both the Y112/128 and the Y145 mutants show partial rescue of NFAT signaling,
Ca2+ mobilization, and ERK phosphorylation, suggesting that one of these pathways may
be mediating division (Jordan et al. 2006). Additionally, Y112/128 mutants have rescue
of PLCγ1 phosphorylation. Preliminary studies utilizing activation of NFκB did not show
a significant increase in LIP over SLP-76 cKO controls, potentially eliminating the role of
that pathway in division (data not shown). Since both tyrosine mutants seem to rescue
biochemical signaling and division to similar extents, it will be necessary to combine
these division studies with other compound downstream mutants to determine if a single
biochemical pathway can rescue division or if multiple pathways are needed.
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Figure 4.1: Homeostatic division and LIP require SLP-76
A. cHET (gray) and cKO (black line) CD4+CD44hiYFP+ cells are stained for cell surface
expression of markers as shown. Data is representative of three separate experiments.
B. Plots shown are gated on CD4+CD44hi splenocytes from cHET and cKO mice labeled
with BrdU for 3 days. Numbers indicate the amount of BrdU incorporation within the
YFP+ or YFP- fractions. Representative of three experiments. C. CD4+CD44hi T cells
from cHET and cKO animals injected into RAG-/- recipients were allowed to expand for
one week. Plots on left are gated on the donor population, and show purity of the
injected cells. Plots on right are further gated on the CD4+ donor population and show
expression of YFP D. Graph shows the number of CD4+CD44hiYFP+ cells within the
spleens of recipient RAG-/- mice one week after transfer. Data in C and D are
representative of two independent experiments with at least three recipients per
genotype. E. CD4+CD44hi T cells are labeled with PKH-26, injected into irradiated
C57BL/6CD45.1 recipients, and allowed to expand for one week. Plot on left show donor
YFP+ cells within the lymphocyte gate, plots on right are further gated on CD45.1-YFP+
cells from the initial labeling (gray) and one week post transfer (black). Data are
representative of a single experiment with 4 recipients per genotype.
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Figure 4.2: The requirement for SLP-76 in division is cell intrinsic
A. Schematic depicting mixed bone marrow chimeras generated by combining
cHETCD45.2 or cKOCD45.2 bone marrow with C57BL/6Thy1.1 marrow. After deletion BrdU
was administered for 2 weeks to examine turnover. B. After deletion PBLs from chimeric
animals are left unstimulated (gray) or stimulated overnight 2C11 (solid line) or PMA and
ionomycin (dashed line). Plots show upregulation of markers in the
CD4+CD45.2+Thy1.1-YFP+ compartment. C. Plots on left show reconstitution of
splenocytes within the CD4+CD44hi compartment at the time of analysis. Center plots
are additionally gated on CD45.2+Thy1.1- expressing cells. Rightmost plots show
additional gating on CD45.2+Thy1.1+. Numbers indicate the percentage of BrdU
incorporation within the YFP+ or YFP- fraction. Data is representative of 2 experiments
with 5 chimeric animals per genotype.
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Figure 4.3: Lack of turnover in cKO cells is not due to poor survival
A. cHET and cKO mice are intercrossed with mice expressing Bcl-XL. Numbers
represent the BrdU incorporation within the CD4+CD44hi YFP+ and YFP- compartments
after three days of labeling. Data are representative of two independent experiments
with one mouse per genotype. B. cHET and cKO mice are intercrossed with mice
expressing CA-STAT5, and labeled with BrdU for three days. Plots are gated on
CD4+CD44hi expressing T cells, and show BrdU incorporation. Numbers represent the
division within the YFP+ and YFP- compartments. Data are representative of 3
independent experiments with at least one mouse per genotype. C. Total splenocytes
labeled with Cell Trace Violet are placed into irradiated C57BL/6CD45.1 recipients. Plots
show Cell Trace Violet expression prior to transfer and 1 week after in YFP+ (black line)
and YFP- (gray) CD4+CD44hi donor cells. Data are representative of one experiment with
three recipients per genotype.
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Figure 4.4: Homeostatic division requires at least one functional tyrosine of
SLP-76
A. cKO and cHET mice are intercrossed with mice expressing the Y3F transgene. T
cells isolated from cKO+Y3F or cHET mice were stimulated with α-CD3 for the indicated
times were used for western blotting to detect phospho-ZAP-70 (p-ZAP-70), phosphoLAT (p-LAT), phospho-PLCγ1 (p-PLCγ1), total PLCγ1, phospho-ERK (p-ERK), and total
ERK. Data are representative of two experiments. B. cHET, cKO, cHET+Y3F, and
cKO+Y3F mice treated with BrdU for three days. Plots are gated on CD4+CD44hi T cells
and show BrdU incorporation in the YFP+ and YFP- fractions. Data are representative of
two independent experiments with one mouse per genotype. C. cHET, cKO,
cHET+Y3F, and cKO+Y3F splenocytes were isolated and 2e6 cells were injected in
RAG-/- or congenic C57BL/6 recipients. One week after transfer the number of
CD4+CD44hiYFP+ donor T cells is quantitated per spleen. Graph shows the fold
expansion in RAG-/- animals over C57BL/6 controls. Data are representative of two
independent experiments with two recipient mice per genotype. D. cKO and cHET mice
are interbred with mice expressing the Y112/128 or Y145 transgenes, and labeled for
three days with BrdU. Plots are gated on CD4+CD44hiYFP+ T cells and show BrdU
incorporation in cKO+Tyr mutant (top number, solid line) and cHET controls (bottom
number, dashed line). Plots are overlaid with CD4+CD44hi T cells from no BrdU labeled
control mice (solid gray). Representative of 2 experiments, with at least one mouse per
genotype. Data for A courtesy of M. Schmidt.
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Figure 4.5: IL-7 signaling partially rescues homeostatic division
A. Schematic depicting IL-7R signaling. Dashed lines indicate places where multiple
signaling components have been removed for simplification. B. cHET and cKO mice are
interbred with mice expressing floxed PTEN (ΔPTEN). Histograms show staining for
expression of SLP-76 and PTEN on CD4+CD44hiYFP+ T cells following deletion. cHET
(gray), cHETΔPTEN (dashed line), and cKOΔPTEN (solid line), representative of one
experiment with the mice indicated. C. cHET, cHETΔPTEN, cKOΔPTEN mice are
deleted and labeled with BrdU for three days. Plots show BrdU incorporation within
CD4+CD44hiYFP+ T cells. D. Lymphocytes from cHET, cHETΔPTEN, cKO, and
cKOΔPTEN are isolated, labeled with PKH-26, and injected into RAG-/- recipients. One
week later plots are gated on CD4+CD44hiYFP+ donor T cells, and show overlays of cells
injected into RAG-/- (black line) and congenic C57BL/6 (solid gray) control mice. Data in
C and D are representative of a two independent experiments. E. cHET and cKO mice
are treated with IL-7/M25 and BrdU for one week. Plots are gated on CD4+CD44hi T
cells, and show BrdU incorporation in both YFP+ and YFP- subsets. Data are
representative of one experiment with one untreated and four treated mice per genotype.
Numbers for C and E are representative of division within the YFP+ and YFP- fractions.
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CHAPTER 5: SLP-76 is required for division of AgSp memory
cells but dispensable for persistence

Abstract
CD4+ memory T cells are generated in response to infection or vaccination, provide
protection to the host against re-infection, and persist through a combination of
enhanced survival and slow homeostatic turnover. We used timed deletion of the TCRsignaling adaptor molecule SH2-domain-containing phosphoprotein of 76 kDa (SLP-76)
with MHC:peptide tetramers to study the requirements for “tonic” TCR signals in the
maintenance of endogenous CD4+CD44hi and polyclonal antigen-specific CD4+ memory
T cells. SLP-76 deficient I-Ab:GP61 cells are unable to rapidly generate effector
cytokines or proliferate in response to secondary infection. In mice infected with
lymphocytic choriomeningitis virus (LCMV) or Listeria monocytogenes expressing the
LCMV GP61-80 peptide, SLP-76 deficient I-Ab:GP61+ cells exhibit reduced division,
similar to that seen in in vitro generated CD44hi and endogenous CD4+CD44hi (MP) cells.
Competitive bone marrow chimera experiments demonstrated that the decrease in
homeostatic turnover in the absence of SLP-76 is a cell intrinsic process. Unlike MP
cells, I-Ab:GP61+ antigen-specific memory cells persist in normal numbers for more than
30 weeks post LCMV infection in the absence of SLP-76. These data suggest the
independent maintenance of a population of antigen-specific CD4+ memory T cells in the
absence of SLP-76 and normal homeostatic division.
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Introduction
Memory T cells are an important component of the adaptive immune response. These
cells arise in response to antigenic challenge and persist throughout the life of the host
to prevent reinfection. Memory T cells have been identified by expression of high levels
of the cell surface glycoprotein CD44. CD44hi cells are comprised of at least two
populations: memory phenotype and antigen-specific memory (Surh et al. 2006; Surh &
Sprent 2008). MP cells arise through lymphopenia-induced proliferation, selfpeptide:MHC (spMHC) contacts in the presence of overabundant cytokines, or through
contact with commensal gastrointestinal flora (Murali-Krishna & Ahmed 2000; Kieper et
al. 2005; Sprent et al. 2008). However, the specificity and function of MP cells remains
uncharacterized. In contrast, AgSp memory cells develop from a naïve CD44lo
population, expand in response to a known antigenic challenge, and contract into an
antigen-specific CD44hi memory population (Surh et al. 2006; Moon et al. 2007; Surh &
Sprent 2008). AgSp CD4+ memory T cells are vital for secondary responses and can be
identified by their cognate TCR-MHC:peptide specificity (reviewed in (Surh & Sprent
2008)).

Persistence of CD4+ memory T cells is dependent on cytokine signaling and is
characterized by the slow homeostatic division of the population and increased individual
cell survival (Barata et al. 2001; Jiang et al. 2005; Surh et al. 2006; Surh & Sprent 2008).
There are two cytokines implicated in the persistence of CD4+ memory cells IL-7 and IL15, of which the dominant cytokine is IL-7. This is consistent with the increased surface
expression of IL-7 receptor, as compared to IL-15 receptor, on memory cells (Lenz et al.
2004). CD4+ memory T cells transferred into IL-7-/- or IL-15-/- recipients have decreased
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recovery and survival (Purton et al. 2007). Conversely, super physiologic levels of IL-7 or
IL-15 during the memory phase result in augmented in vivo proliferation and increased
expression of the anti-apoptotic factors Bcl-2 and Bcl-XL (Lenz et al. 2004; Purton et al.
2007).

An additional pathway implicated in homeostatic division of AgSp CD4+ memory T cells
is TCR:spMHC interaction. Published data argue both for and against TCR:spMHC
interactions in turnover and memory pool maintenance. Arguing for these interactions,
previous reports show HY-specific A1 memory T cells have reduced initial expansion
and decreased CFSE dilution following transfer into RAG2-/-γc-/-MHC-IIAβ-/- and MHC-IIΔ/Δ
recipients, respectively (Kassiotis et al. 2002; Kassiotis et al. 2003). Specifically, A1
TCR transgenic CD4+ memory T cells show full CFSE dilution within a week of transfer
into syngeneic MHC-II hosts, while cells transferred into allogeneic or MHCII-deficient
recipients show only partial dilution (Kassiotis et al. 2003). Similarly, loss of TCRβ or
Src-family kinase dependent signals substantially decreases BrdU incorporation in
CD4+CD44hi cells (Polic et al. 2001; Seddon et al. 2003).

The role for TCR:spMHC interactions in CD4+ memory T cell persistence is not fully
understood. TCR transgenic CD4+ memory T cells generated by adoptive transfer
persist following transfer into MHC class II deficient mice (Swain 1999; Kassiotis et al.
2002; Grandjean et al. 2003; Martin et al. 2003; Martin 2006). Several studies have
argued for a requirement of TCR:spMHC interactions in the survival and persistence of
CD4+ memory T cells. For example, reduced Bcl-2 and Glut1 mRNA, and an increase in
apoptotic cells are detected in A1 TCR transgenic CD4+ memory T cells transferred into
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RAG2-/-γc-/-H-2Aβ-/- hosts (De Riva et al. 2007). In addition, data presented in Chapter 4
and previously published from our lab show that polyclonal SLP-76 deficient MP and
memory CD4+ T cells generated by adoptive transfer are significantly impaired in steadystate homeostasis and displayed reduced in vivo responses to IL-7, despite intact early
cytokine signaling through the receptor (Chapter 3 and (Bushar et al. 2010)).

The characteristics of AgSp memory T cell persistence can differ depending on their
method of generation. LCMV Armstrong, a well-characterized viral model pathogen,
results in an acute, self-limited infection in immunocompetent mice. An
immunodominant peptide epitope has been described (I-Ab:GP61-80), allowing for a
trackable CD4+ memory population, which is required to maintain an effective CD8+
response (Selin & Welsh 2004; Kalams & Walker 1998). To complement the viral
system, a bacterial pathogen expressing the same MHC-II immunodominant peptide
was utilized. Lm is an intracellular bacterium, whose clearance is dependent on both
CD4+ and CD8+ effector cells. Lm-GP61 has been genetically modified to express the
LCMV peptide GP61-80. Infection with Lm-GP61 induces a robust CD4+ response with
resulting memory generated against the GP61 epitope (Williams et al. 2008). Using both
infection types, yet tracking cells of the same specificity, will give a more complete
understanding the global affects of SLP-76 deletion on the AgSp memory population.

SLP-76 is an adaptor protein expressed in all hematopoietic lineages except B
lymphocytes and is critical for TCR signaling (Smith-Garvin et al. 2009). Chapter 3
shows that naïve T cells require SLP-76 for TCR-mediated activation and proliferation.
Furthermore, SLP-76 is essential for T cell development, homeostatic division of
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CD4+CD44hi MP cells, and persistence of naïve T cells (Chapters 3 and 4). Here
polyclonal, pathogen-specific CD4+ memory T cells lacking SLP-76 are generated to
characterize the role of TCR:spMHC signaling in persistence. As expected, SLP-76 is
essential for recall responses and TCR-mediated signaling. Similar to CD4+CD44hi MP
cells (Chapter 4), AgSp CD4+ memory T cells lacking SLP-76-dependent signals have a
significant reduction in homeostatic turnover. Unlike MP cells, loss of SLP-76 has no
effect on persistence of the AgSp CD4+ memory pool suggesting that homeostatic
turnover is not required for persistence of this population.

Results
Deletion of SLP-76 from AgSp CD4+ memory T cells does not alter cell surface
phenotype
To generate SLP-76 deficient AgSp CD4+ memory T cells, cHET and cKO mice were
first infected with either LCMV-Armstrong or Listeria monocytogenes expressing the
LCMV epitope GP61-80 (Lm-GP61) (Williams et al. 2008). Tamoxifen administration
thirty days post-infection (p.i.) induces deletion of SLP-76 and expression of YFP (Figure
5.1A).

CD4+CD44hiIAb:GP61+YFP+ splenocytes were isolated and subjected to real-time
quantitative PCR analysis for SLP-76 expression to determine the extent of deletion.
SLP-76 mRNA were nearly undetectable in AgSp YFP+ cKO cells (Figure 5.1B),
indicating efficient deletion of SLP-76 in I-Ab:GP61+YFP+ AgSp memory T cells. cKO
YFP–I-Ab:GP61+ cells are heterogeneous in SLP-76 deletion and exhibit intermediate
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levels of SLP-76 mRNA, compared to the cHET control (data not shown). These data
show that CreT2 efficiently deletes SLP-76 from the CD4+ AgSp memory compartment
and suggest that YFP expression can be used as a surrogate for SLP-76 absence in
cKO AgSp CD4+ T cells.

To confirm that tamoxifen administration and loss of SLP-76 after infection did not alter
AgSp CD4+ memory T cell populations, I-Ab:GP61+ splenocytes from LCMV infected
C57BL/6, cHET, and cKO mice were analyzed for relative frequency and cell surface
phenotype before and two weeks after deletion. I-Ab:GP61+ cells were similar in relative
frequency and expressed high levels of CD44 regardless of SLP-76 expression (Figure
5.1C). Lack of staining with a tetramer loaded with MHC Class II-associated invariant
peptide (CLIP) confirmed the specificity of the I-Ab:GP61 tetramer.

For some experiments, I-Ab:GP61+CD4+ memory T cells were generated by infection
with Lm-GP61 (Williams et al. 2008). Since the overall number and frequency of IAb:GP61+ cells after Lm-GP61 infection is 10-fold lower than with LCMV (Ochsenbein
1999), enrichment of CD4+ cells by magnetic depletion of CD8+ and MHC class II+ cells
is necessary prior to staining. Following CD4+ enrichment, I-Ab:GP61+ cells were
detectable in equal percentages among infected mice within the CD4+CD44hi population
(Figure 5.1D). These data suggest that loss of SLP-76 during the memory phase has no
immediate effect on the number of I-Ab:GP61-specific CD4+ memory T cells.
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To determine if deletion of SLP-76 altered the cell surface phenotype of AgSp CD4+
memory T cells, cell surface protein expression among YFP+ cells was compared. YFP
expression is induced in approximately 20-30% of cHET and cKO I-Ab:GP61+ memory
cells post LCMV (Figure 5.1E). The ratio of CD62Llo effector memory (TEM) to CD62Lhi
central memory (TCM) populations was equivalent between cHET and cKO YFP+ cells
(Figure 4.1E). We next evaluated surface expression of CD27, a stimulatory member of
the TNFR family that segregates short versus long-lived memory populations (Pepper et
al. 2010). cHET and cKO YFP+ AgSp cells express equivalent percentages of long-lived
CD27hi and short-lived CD27lo populations. Finally, cell surface levels of CD127, the α
chain of the IL-7R were examined (Surh & Sprent 2008; Taylor & Jenkins 2011). IL7Rα
expression was equivalent on cHET and cKO AgSp memory cells. Cell surface
phenotypes were similar following Lm-GP61 infection and SLP-76 deletion (data not
shown). Taken together, these data suggest that deletion of SLP-76 does not
phenotypically alter the memory population at this early time point.

SLP-76 deficient memory cells do not respond to TCR-induced signals
A hallmark of memory T cell function is the ability to respond rapidly to pathogen reexposure by proliferation and cytokine generation. To ascertain if SLP-76 is necessary
for rapid cytokine induction in CD4+ memory T cells, peripheral blood lymphocytes
(PBLs) from cHET and cKO mice 3 weeks post deletion (7 weeks post-LCMV infection)
were analyzed for TNF-α, IL-2, and IFN-γ production. PBLs were mixed with congenic
C57BL/6 splenocytes, stimulated by addition of GP61-80 peptide, and assessed for
intracellular cytokine levels four hours later. Approximately 3-4% of
CD4+CD45.2+CD44hiYFP+ gated cells from cHET mice generated TNF-α and/or IL-2
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(Figure 5.2A). In contrast, CD4+CD45.2+CD44hiYFP+ gated cells from cKO mice failed to
generate detectable cytokine levels using this assay. Importantly, bypassing SLP-76
with phorbol ester and calcium ionophore generated equivalent TNF-a and IL-2 in cHET
and cKO cells, confirming a functional memory T cell phenotype. Consistent with
incomplete SLP-76 deletion in YFP- cells, both cHET and cKO YFP-CD44hi cells were
capable of generating TNF-α, and IL-2 (Figure 5.2A, right).

SLP-76 deficient memory cells were next evaluated for their ability to respond to
secondary infection. cHET and cKO mice were infected with LCMV, administered
tamoxifen to induce deletion, and then secondarily infected with Lm-GP61 (Figure 5.2B).
In this experimental design, the only antigen expressed in common is the GP61-80
epitope. Total (YFP+ plus YFP-) I-Ab:GP61+ cells from both cHET and cKO mice
expanded more than 7-fold in peripheral blood over the course of the experiment. YFP+
cells from the cHET but not cKO expanded. The lack of expansion in YFP+ cKO cells,
through day eight-post reinfection, suggests that SLP-76 deficient memory cells are
unable to divide in response to both TCR-driven signaling and infection.

Loss of SLP-76 reduces homeostatic turnover in CD4+ AgSp memory T cells
Persistence of the CD4+ AgSp memory T cell pool results from a combination of
increased individual cell survival and slow homeostatic turnover of the population. To
assess turnover in SLP-76 deficient AgSp CD4+ T cells, mice infected with either LCMV
or Lm-GP61 and deleted for SLP-76 were administered BrdU in drinking water for two
weeks (Figure 5.3A). BrdU positive cells were detectable in I-Ab:GP61+CD4+
splenocytes from Lm-GP61 and LCMV infected cHET mice (Figure 5.3B + 5.3C, left).
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There is significant variability in amount of BrdU incorporation in cHET mice following
Lm-GP61 infection. With further repetition, turnover in this population is expected to
approach the 12% observed using LCMV (Figure 5.3C, right). Regardless of the large
variability between data points, there was an overall reduction in BrdU incorporation
detected in total (YFP+ plus YFP-) I-Ab:GP61+ cells from cKO when compared with the
cHET cells (Figure 5.3B, left). Furthermore, turnover was reduced in all YFP+ (SLP-76
deficient) I-Ab:GP61+CD4+ samples generated by Lm-GP61 infection (Figure 5.3B,
right). Despite the mouse-to-mouse variability, there was a statistically significant
reduction in the percentage of I-Ab:GP61+YFP+ cells with BrdU incorporation isolated
from LCMV-infected cKO when compared with cHET mice (Figure 5.3C, right). A
positive control for BrdU staining gated on a combination of CD11b+, CD11c+, and B220+
(dump+) cells from the same tube/sample is shown for comparison. Taken together,
these data suggest that similarly to CD4+CD44hi total cells (shown in Chapter 4) basal
turnover rate of AgSp CD4+ memory T cells is dependent on continued SLP-76
expression, regardless of the infectious pathogen.

Deletion of SLP-76 has no effect on persistence of CD4+ AgSp memory T cells
Since basal turnover was reduced among cKO AgSp CD4+ memory T cells generated by
LCMV or Lm-GP61 infection persistence of this population may also be decreased
compared to cHET cells following LCMV infection. To address this hypothesis individual
C57BL/6, cHET, and cKO mice were assessed for I-Ab:GP61+ cell numbers at 2, 6, 15,
and 30 weeks after deletion. Importantly, the number of I-Ab:GP61+CD4+ memory T
cells was equivalent two weeks post-deletion (Figure 5.1C and 5.4A). In the C57BL/6
and cHET mice, numbers of splenic I-Ab:GP61+CD4+ T cells decreased over the course
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of the experiment, consistent with previous work using peptide stimulation as a method
of quantitation (Homann et al. 2001). Surprisingly, equivalent numbers of I-Ab:GP61+
cells are present in the spleens of cKO mice at each time point compared with controls.
To evaluate the possibility that YFP- SLP-76 sufficient cells had outcompeted the YFP+
SLP-76 deficient cells, the relative percentage and total numbers of YFP+ cells was
examined. YFP+I-Ab:GP61+ cell numbers showed a similar slope of decline independent
of SLP-76 expression (Figure 5.4B), indicating that persistence of I-Ab:GP61+ cells is not
dependent on expression of SLP-76.

AgSp memory T cells reside within the larger CD4+CD44hi compartment (Surh et al.
2006). Chapter 4 shows that memory phenotype (MP) cells, another population within
the CD4+CD44hi cells, rely on SLP-76 for their homeostatic turnover (Figure 4.1B). To
extend these findings and determine if SLP-76 was required for the overall persistence
of this MP population the total number of CD4+CD44hi cells following SLP-76 deletion
was enumerated from spleens at 15 and 30 weeks post deletion. Total CD4+CD44hi
cells persist equally well in C57BL/6, cHET, and cKO mice (Figure 5.4C, left). However,
unlike AgSp cells, when further gated on YFP+ expression, MP cells have reduced
persistence by 30 weeks post deletion in the absence of SLP-76 (Figure 5.4C, right).
These data suggest that persistence requirements between AgSp and MP cells differ,
and that unlike AgSp cells MP cells require SLP-76 for their continued persistence. The
differences between these two populations will be further explored in Chapter 6.

A major reservoir of long-lived memory cells is bone marrow (Tokoyoda et al. 2009). To
address the possibility of selective maintenance of YFP+ cKO cells in the spleen due to
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depletion of bone marrow memory T cells, bone marrow 30 weeks post deletion was
analyzed for the presence of YFP+AgSp cells. As in the spleen, an equal percentage of
cKO YFP+I-Ab:GP61+CD4+ memory T cells are present as compared to the cHET (Figure
5.4D). Analysis of liver, lung, and lymph node similarly showed no differences in
persistence (preliminary data not shown). These data suggest that maintenance of SLP76 deficient CD4+AgSp memory T cells in the spleen is not due to altered homing or
selective loss from other tissues.

The duration of TCR stimulus, extent of clonal competition, and TCR avidity can alter the
ratio of TCM to TEM (McHeyzer-Williams & Davis 1995; Savage et al. 1999). TCR signal
strength also correlates with commitment to the TEM cell pool (Pepper & Jenkins 2011).
Therefore, loss of SLP-76 dependent TCR signals could alter the maintenance of these
subsets, distinguishable by differences in CD62L expression. cHET and cKO YFP+IAb:GP61+ memory cells exhibited both TCM and TEM populations with equivalently high
expression of IL-7Rα and CD27 in both the spleen and bone marrow at 15 and 30 weeks
post deletion (Figure 5.4E and data not shown). The high percentage of CD27 seen at
week 30 suggests that a majority of the remaining memory cells are long-lived (Pepper
et al. 2010), regardless of genotype. These data suggest that long-term maintenance of
CD4+ AgSp memory T cell subsets is unchanged in the absence of SLP-76.
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Bcl2 family members are unaltered after deletion of SLP-76 in AgSp memory T
cells
Persistence of AgSp CD4+ memory T cells is comprised of homeostatic division and
increased longevity (Surh & Sprent 2005). The independent persistence of SLP-76
deficient AgSp CD4+ memory T cells in spite of reduced turnover led us to investigate if
the survival of these cells was altered to maintain adequate numbers. Bcl-2 family
member expression and survival are regulated in part by cytokine signaling. Specifically,
IL-7 and IL-15 increase Bcl-2 expression in memory T cells (Williams & Bevan 2004;
Foulds & Shen 2006; Hataye et al. 2006; Williams et al. 2008). To examine levels of
survival proteins YFP+ cHET and cKO AgSp memory cells were sorted two weeks after
infection and compared for mRNA expression of Bcl-2 family members. As shown in
Figure 5.5A, Bcl-2 and Bcl-XL transcript levels were unaltered following deletion of SLP76. Levels of Bim mRNA trended downward in cKO AgSp cells, but were not statistically
significant, indicating no significant differences in mRNA directly following deletion in IAb:GP61+ T cells.

Bcl-2 family members are also regulated through post-translational modifications. To
examine actual protein levels, cells underwent intracellular staining and flow cytometric
analysis. When cHET and cKO splenocytes are gated on CD4+CD44hiI-AbGP61+YFP+
memory T cells and overlaid, they have early identical levels of Bcl-2 even 30 weeks
after deletion (Figure 5.5B, left). Complied data in Figure 5.5B right shows no difference
in BCL2 MFI between genotypes. Unlike AgSp memory cells, CD44hiCD4+ SLP-76
deficient T cells saw an increase in Bcl-2 staining over time (Figure 5.6C). The

76

increased Bcl-2 further demonstrates that CD4+CD44hi MP cells have different
requirements for SLP-76 then AgSp cells in their persistence.

Decreased turnover in the absence of SLP-76 is cell-intrinsic
To confirm that the decrease in homeostatic turnover seen within the AgSp compartment
was a cell-intrinsic process, competitive bone marrow chimeras were generated. This
approach ensures that there is competition and the presence of wild-type cells to provide
growth factors. Lethally irradiated C57BL/6 (WT)CD45.1 mice were reconstituted with bone
marrow from WT CD45.2, cHET CD45.2, or cKO CD45.2 combined with WTCD45.1/CD45.2 in a 70:30
ratio. Eight weeks following reconstitution, mice were infected with either Lm-GP61 or
LCMV and administered tamoxifen four weeks later (Figures 5.6A and 5.6D,
respectively).

To assess turnover, BrdU was administered to Lm-GP61 and LCMV infected mice
beginning four or twelve weeks following deletion, respectively. cKO cells in mixed bone
marrow chimeras infected with Lm-GP61 incorporated less BrdU when compared with
wild-type competitors (Figure 5.6B). There was a statistically significant reduction in
BrdU incorporation seen in cKO cells when compared with either WT CD45.1/CD45.2
competitors within the same mouse, or WTCD45.2 (Figure 5.6C). There was a nonstatistical trend toward reduced division correlating with decreasing allelic expression of
SLP-76 (WT > cHET > cKO). Because the number of AgSp cells is higher following
LCMV infection, it allowed us to assess BrdU incorporation eighteen weeks after
infection (fourteen weeks post-deletion). Similar to data in non-chimeric mice (Figure
5.3C) and competitive chimeras infected with Lm-GP61, there was a substantial
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reduction in turnover detectable in cells lacking SLP-76 when compared with cells
expressing SLP-76 at this late time point (Figure 5.6E).

To address whether increased competition found in the mixed bone marrow chimeras
altered the persistence of SLP-76 deficient AgSp cells, chimerism of the compartment
was assessed and the number of CD45.2 derived cells was quantitated. Chimerism of
B220+ cells in peripheral blood remained constant throughout the course of the
experiment (Figure 5.6F). Longitudinal quantitation from serial samples of peripheral
blood showed no change in chimerism of I-Ab:GP61+ specific CD4+ memory T cells
throughout the course of the experiment (Figure 5.6G). Absolute numbers of I-Ab:GP61+
cells were similar between WT, cHET and cKO derived cells in the spleen eighteen
weeks post-infection (Figure 5.6H). Absolute cell numbers were derived from five
chimeric mice generated from one cHET and one cKO bone marrow donor. Despite
only being done once, the competitive chimera results strongly suggest that SLP-76
deficient AgSp memory T cells display a cell-intrinsic decrease in homeostatic turnover
without a decrease in overall persistence.

Discussion
Data presented in this chapter combined timed genetic deletion of the SLP-76 adaptor
with in vivo bacterial and viral infection to study the role of TCR signaling in the survival
and turnover of AgSp CD4+ memory T cells. SLP-76 mediated signals are essential for
a normal rate of homeostatic turnover in both non-chimeric and competitive mixed bone
marrow chimeric animals, yet dispensable for maintenance of the polyclonal population.
Shown here for the first time CD4+ AgSp memory T cells also require SLP-76 to respond
78

to antigenic TCR signaling, even in the context of the acute inflammatory environment
produced by pathogenic infection.

A strength of these studies is the evaluation of turnover and persistence in the context of
an endogenous polyclonal response. TCR transgenics have been revealing but cannot
recapitulate all of the influences of polyclonality on AgSp immune responses and
homeostasis. The repertoire of memory cells with I-Ab:GP61-80 specificity used in this
study includes cells with varying TCR sequence and avidity. TCR transgenic T cells can
vary in their capacity to generate memory depending on precursor frequency and
infectious pathogen (Williams & Bevan 2004; Foulds & Shen 2006; Hataye et al. 2006;
Williams et al. 2008).

Using tetramer reagents to evaluate homeostasis of the

polyclonal repertoire, cKO mice show a reduction in BrdU incorporation following
infection with either LCMV or Lm-GP61. As there are multiple clonal populations specific
for I-Ab:GP61, it remains possible that these will vary in homeostatic requirements.
These differences could only be elucidated by individual TCR sequencing.

One additional strength of these studies is the investigation of I-Ab:GP61-80 specific
memory T cells generated by two different pathogens. SMARTA TCR transgenic T cells
generate memory in response to LCMV but not Lm-GP61 (Williams et al. 2008). While
our data show that turnover is qualitatively similar, reduction in turnover seen in the
absence of SLP-76 is quantitatively greater in Lm infection (Figure 5.3B and 5.6C). This
finding may be due to initial activation of clones with different avidities or differences in
the inflammatory environment of the two pathogens. Thus, while TCR signals are
required for optimal turnover in memory CD4 T cells, clonal competition and the
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inflammatory environment at the time of acute infection may dictate differences in
homeostatic requirements.

The findings of this study are limited to characterization of the requirement for SLP-76 in
the persistence of CD4+ AgSp memory T cells generated in response to acute infection.
The mechanisms leading to AgSp CD4 memory T cell maintenance in the setting of
chronic infection were not addressed. In the context of LCMV clone 13 infection, CD4+
memory T cells progressively lose function (Brooks et al. 2006) and self-renewal
capacity (Han et al. 2010). The alterations in function and maintenance are believed to
be directly related to repeated exposure to antigen (Han et al. 2010). Lack of TCR
signaling in the setting of SLP-76 deletion is likely to alter normal differentiation, loss of
function and persistence of CD4+ memory T cells in the context of chronic antigen
exposure.

Maintenance of TCM and TEM populations was unaltered by deletion of SLP-76 throughout
the thirty-week time course of these experiments, suggesting memory cell fate is
determined prior to thirty days p.i.. Unlike AgSp memory T cells maintained in the
absence of MHC-II (De Riva et al. 2007), SLP-76 deficient CD4+ memory T cells
retained similar levels of IL-7R compared with cHET controls. Binding of CD27 to its
ligand CD70 is a costimulatory signal for activation and influences survival of the AgSp
memory population (Hintzen et al. 1995; Gravestein et al. 1995; Hendriks et al. 2003).
The retention of CD27hi cells from both cHET and cKO YFP+IAb:GP61+ populations
suggest that this signaling pathway may still be intact and represent a mechanism for
persistence. Retention of both IL-7Rα and CD27 supports a model where progressive
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differentiation of CD4+ AgSp memory T cells is unaltered by a lack of continuous
TCR:MHC interaction.

The finding that impaired turnover did not influence overall persistence of SLP-76
deficient CD4+ AgSp memory T cells is unexpected and intriguing. Either increased
responsiveness of SLP-76 deficient cells to cytokines or independent regulation and
maintenance of the SLP-76 deficient pool could explain the uncoupling. One potential
model postulates that SLP-76 deficient AgSp cells have an increased half-life on an
individual cell basis through activation of alternative pathways, for example in response
to homeostatic cytokines. At low doses, IL-7 supports the survival of resting AgSp
memory cells through elevated levels of anti-apoptotic Bcl-2 and reduced levels of proapoptotic Bim (Qin et al. 2001; Kondrack et al. 2003; Li et al. 2003; Lenz et al. 2004).
However, we have previously shown that there is no alteration in STAT5 phosphorylation
in response to IL-7 or IL-15 treatment of SLP-76 deficient CD4+ MP cells (Bushar et al.
2010). In contrast to the decrease seen in AgSp cells maintained in the absence of
MHC-II (De Riva et al. 2007), preliminary experiments showed no difference in Bcl-2
protein levels among YFP+ cells (Figure 5.5B). Together with a lack of alteration in
STAT5 phosphorylation, unaltered Bcl-2 levels suggest that SLP-76 deficiency does not
promote increased survival. Therefore, while possible, a model where SLP-76 loss
increases responsiveness to homeostatic cytokines and individual cell survival is unlikely
to account for the divergence seen between turnover and persistence.

An alternative model to explain the discrepancy between turnover and persistence is that
there are two populations within the AgSp memory T cell compartment. It is possible
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that a pool of AgSp CD4+ memory T cells is quiescent and maintained normally in the
absence of SLP-76 dependent signals. A second pool of actively proliferating cells
dependent on SLP-76/TCR signals is also generated. In this second pool, proliferation
and cell death are TCR dependent and matched. In the absence of SLP-76, this pool
therefore has both decreased division and decreased death. In support of the existence
of two separate pools of AgSp memory cells, the percentage of CD45.2+I-Ab:GP61+ cells
remained constant over time in WT:cKO chimeras, despite the continued proliferation of
the YFP- fraction (Figure 4.6G). This model draws parallels with hematopoietic stem
cells (HSCs), where long-term dormant HSCs (LT-HSCs) under homeostatic conditions
divide rarely (once every 145 days), but in times of stress/repair can switch to an active
state to repopulate the pool and maintain cell numbers (A. Wilson et al. 2008).
Interestingly, self-renewal pathways in memory T cells are similar to those described in
LT-HSCs (Luckey et al. 2006). AgSp memory cells undergo glucose-based metabolism,
representing a shift from their effector predecessors to a less active and more quiescent
state (Prlic & Bevan 2009; Pearce et al. 2009; Araki et al. 2009). Also supportive of this
model, a population of long-lived, dormant AgSp memory T cells were recently described
that remain quiescent for the life of the host unless stimulated through TCR plus IL-2 or
by reinfection (Dalai et al. 2011). Quiescence of the dormant AgSp memory cells could
prevent exhaustion and depletion of the pool, prevent cancerous mutations caused by
excessive division, and provide a stable source of AgSp memory T cells to respond to
reinfection (Zaph et al. 2004; Muranski et al. 2011; Hathcock et al. 2003; Orford &
Scadden 2008).
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The experiments presented in this chapter show that deletion of SLP-76 does not affect
the ability of AgSp CD4+ memory T cells to persist. The reduction in BrdU incorporation
yet equal maintenance in YFP+ cKO versus cHET cells confirms that a normal rate of
division is not necessary for persistence of I-Ab:GP61+CD4+ memory T cells. The results
strongly support a model of memory stem cells, but do not fully rule out some
involvement of SLP-76 in cytokine signaling. In concordance with this two pool model, it
is possible that the initial stimulation of CD4+ effector T cells may dictate which memory
pool they will become part of: dividing versus non-dividing. In support of this, the
percentage of YFP+I-Ab:GP61+ cells remained constant over time regardless of genotype
(Figure 5.6G). If AgSp memory T cell populations are set early on in infection, this could
account for the separate homeostasis between dividing and non-dividing cells.
Separating the cells into distinct populations could provide a mechanism for increased
resistance to chemotherapeutics seen in both memory and stem cell populations (Lerner
& Harrison 1990; Venezia et al. 2004; Arai & Suda 2007; Yao et al. 2011). This model
provides for long-lived dormant memory T cells that undergo limited division, which
prevents deleterious genetic alterations. The sole purpose of this pool of quiescent
memory cells is to respond rapidly upon reinfection.
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Figure 5.1: Deletion of SLP-76 after LCMV or Lm-GP61 infection does not alter
phenotype or frequency
A. For all AgSp memory experiments mice were infected at day -30, followed by
pathogen clearance and memory formation. Tamoxifen was administered from day 0 to
5 to induce deletion of SLP-76. Cells were tracked based on YFP expression and
tetramer binding. B. RNA was isolated from FACS sorted tetramer positive
CD4+CD44hiYFP+ memory T cell and used for real-time PCR analysis. Values were
normalized internally to β-actin. Data is representative of 2 independent experiments.
C. I-Ab:GP61+CD4+ memory T cells from spleen of LCMV infected C57BL/6, cHET, and
cKO mice were obtained 2 weeks post deletion. Plots show CD4+dump- (CD11b-CD11cB220-) cells. Cells used for control staining with I-Ab:CLIP were a mixture from all mice
used in each experiment. D. Spleen and lymph nodes from Lm-GP61 infected cHET
and cKO mice isolated two weeks post deletion were enriched for CD4+ cells by
magnetic depletion of CD8+ and MHCII+ cells. Enriched cells were stained and gated on
CD4+CD44hiI-Ab:GP61+ cells. Contour plots were gated on live, singlet (left) and are
further gated on CD4+ T cells (right) from cHET (top) and cKO (bottom) mice. Data are
representative of 2-3 mice in two independent experiments. E. Histograms show
overlays of IAb:GP61+CD4+ cells from C57BL/6 (gray), cHET (dashed), and cKO (black)
mice following LCMV infection. Plots on right were further gated on YFP. Data in C and
E are from greater than 4 mice obtained in 5 separate experiments.
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Figure 5.2: SLP-76 deficient LCMV-AgSp memory cells do not respond to TCR
signals
A. Peripheral blood from mice 3 weeks post deletion was mixed with CD45.1+
congenically marked C57BL/6 splenocytes and stimulated for 4 hours in the presence of
BrefeldinA with GP61 peptide or PMA plus Ionomycin. Plots shown were gated on
CD45.2+CD4+CD44hiYFP+ cells. Plots on far right are gated on YFP- cells. Data are
representative of 3 independent experiments. B. Mice were infected with LCMV, deleted
at day 30 p.i. and secondarily infected with Lm-GP61 (2x105 CFU). Expansion of
IAb:GP61+ memory cells was assessed in peripheral blood 1 day prior to and 8 days post
reinfection. Plots were gated on total CD4+ and CD4+YFP+ as indicated. Inset numbers
are relative percentage of cells within the gated area. Data are representative of at least
2 cHET and 3 cKO mice from two independent experiments.
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Figure 5.3: AgSp memory cells require SLP-76 for turnover
A. cHET and cKO mice were orally administered BrdU between day 10 and 24 postdeletion. FACS analysis of BrdU labeled splenocytes from cHET and cKO mice B. postLm-GP61 or C. post-LCMV infection gated on dump–(CD11b-,CD11c-,B220-)CD4+ (left)
and further gated on CD44hiI-Ab:GP61+ cells (center). Rightmost FACS plots are gated
on dump+ cells to and represent positive BrdU incorporation. Numbers represent the
percentage of cells within each gate. Graphs show the percentage of YFP+ cells that
had incorporated BrdU. Each point represents an individual mouse. Data are compiled
from two independent experiments using each pathogen.
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Figure 5.4: Persistence of AgSp memory cells is independent of SLP-76
Number of CD4+I-Ab:GP61+ (A) and CD4+I-Ab:GP61+YFP+ (B) cells per spleen over time
in C57BL/6 (open triangle), cHET (black circle), and cKO (open diamond) mice. Each
point represents an individual mouse compiled from at least two independent infections
per time point, with 82 mice total. C. CD4+CD44hi and CD4+CD44hiYFP+ T cells per
spleen are calculated at time points indicated from C57BL/6 (open triangle), cHET (black
circle), and cKO (open diamond) mice. Each point represents an individual mouse and
is compiled from 3 independent infections per time point. D. Bone marrow was isolated
from cHET and cKO mice 30 weeks post deletion. The percentage of CD4+CD44hiIAb:GP61+YFP+ cells was calculated as a relative to total CD4+ lymphocytes. E.
Phenotypic analysis of splenocytes at 15 and 30 weeks post deletion from cHET
(shaded gray) and cKO (black lines). Histograms were gated on CD4+CD44hiIAb:GP61+YFP+ cells. Dashed lines are populations from the cHET samples gated on
naïve CD4+CD44loYFP+ (CD62L and IL-7R histograms) and
dump+(CD11b+CD11c+B220+) YFP+ (CD27 histograms). Data are representative of 2-3
independent experiments with at least 4 mice each.
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Figure 5.5: In AgSp cells levels of survival factors are unchanged by loss of
SLP-76
A. I-Ab:GP61+YFP+ memory T cells were sorted from cHET and cKO animals. Realtime PCR was performed as indicated for Bcl-2, Bcl-XL, and Bim. Data are normalized
to cHET controls and representative of two independent experiments. B. cHET and cKO
splenocytes were gated on CD4+CD44hi I-Ab:GP61+YFP+ T cells and intracellularly
stained for Bcl-2. Graph on right shows average MFI within the gated population. Each
point represents a single mouse. C. Splenocytes from cHET and cKO mice are isolated
and stained for internal expression of Bcl-2. Histograms are gated on CD4+CD44hiYFP+
cells. Graph on right shows average MFI of BCL-2 expression with each point
representing a single mouse. Data in B and C are representative of two independent
experiments.
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Figure 5.6: Decreased turnover in the absence of SLP-76 is a cell-intrinsic process
A. and D. schematic depicting the generation of mixed bone marrow chimeras indicating
the timing of infection, tamoxifen-induced deletion of SLP-76, and BrdU administration.
B. Spleen and lymph nodes depleted of CD8+ and MHC-II+ cells gated on
CD45.2+CD4+CD44hiI-Ab:GP61+ cells. Genotypes are shown above each contour plot.
BrdU gating is determined using CD4+CD44hi cells from a WT mouse not administered
BrdU. Inset numbers are relative percentages of cells within the gated area. Data are
representative of five WT:WT, three WT:cHET, and four WT:cKO mice previously
infected with Lm-GP61 C. Compilation of BrdU incorporation from five WT:WT, five
WT:cHET, and four WT:cKO mice previously infected with LCMV. Compiled data in C
and E were calculated by gating on CD45.2+CD4+CD44hi I-Ab:GP61+ cells followed by
CD45.1+ or CD45.1- and determining the percentage of BrdU+. Each point represents an
individual mouse. Mice were serially bleed at time points indicated. Percentage of
chimerism within B220+ (F) and I-Ab:GP61+ (G) lymphocytes was tracked over time. H.
Fourteen weeks after deletion splenocytes were isolated and numbers of
CD45.2+CD4+CD44hiI-Ab:GP61+ cells were calculated per spleen. Each point in C, E,
and F represent an individual mouse.

89

Chapter 6: Discussion
Introduction
SLP-76 plays an integral role in TCR signal transduction of both cell lines and
developing thymocytes (Yablonski et al. 1998; Clements et al. 1998), but its role in TCRdriven homeostatic (“tonic”) signals is unknown. “Tonic” TCR signaling, defined as
TCR:spMHC contacts, is required for naïve and memory phenotype (MP) cell
persistence, and essential for division of the fast dividing subset within the MP
population. The role of “tonic” TCR signaling in homeostasis of the AgSp compartment
is less clear. Furthermore, the signaling components which “tonic” signaling utilizes are
ill characterized. Questions remain about the role of SLP-76 in this signaling cascade
and if the signals received downstream of TCR:spMHC contacts are the same in all T
cell subsets.

To examine the function of SLP-76 and its contribution to these distinct T cell
populations, a model system was developed that allowed for normal T cell development
prior to loss of SLP-76. By utilizing CreT2-mediated deletion, SLP-76 is excised in
peripheral cells, bypassing potential developmental defects. Deletion with CreT2 is
ubiquitous in all tissues, and deletion of SLP-76 in bone marrow and thymic progenitors
prevents future T cell development, making thymectomy unnecessary for cKO animals
and allowing us to study the naïve T cell compartment. Deletion of SLP-76 in mature
lymphocytes confirms its role in proximal TCR signal transduction, activation, and
division of naïve T cells.
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Multiple systems have been used to characterize the role of “tonic” signaling in CD4+ cell
persistence, including irradiation, thymectomy, the use of transgenics, or gene deletion.
A notable model of gene deletion involves loss of the TCRα chain, preventing TCRβ
surface localization (Polic et al. 2001). However loss of TCRβ and the CD3 signaling
chains following TCRα deletion is incomplete, with approximately 100 copies of TCRβ
still present on T cell surfaces (Labrecque et al. 2001). While this amount may seem
insignificant, and this system has been used to describe the loss of naïve cells without
TCR expression, it is unclear if some “tonic” signals are still capable of being generated
since TCRα cKO cells are capable of signaling in response to high concentrations of
peptide. “Tonic” signaling has been ablated through loss of proximal signaling
molecules, such as Lck, using drug-induced transgene expression. In this system, Lck
protein is lost within two days (Seddon & Zamoyska 2002a). Labs have also used
removal of the MHC-II ligand to prevent “tonic” signaling. Early transfer models either
removed all MHC, leaving cells susceptible to deletion by NK cells, or had potential
alternative MHC-II pairings still present (Madsen et al. 1999; Clarke & Rudensky 2000;
Dorfman et al. 2000). More recently, true MHC-II knockouts have been used as
recipients demonstrating reduced division of MP cells in the absence of “tonic” ligands
and showing results very similar to ours.

Loss of SLP-76 within the CD4+ naïve cell compartment confirms its role in antigenic
TCR signaling (Figure 6.1). The rapid decline of YFP+ CD8+ and CD4+ T cells in cKO
mice suggests that SLP-76 is also vital for “tonic” signaling within the naïve compartment
(Figure 3.6). To address if SLP-76 is important for “tonic” signaling in CD4+ MP T cells,
division within the MP compartment was examined. Following loss of SLP-76 CD4+ MP
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T cells fail to homeostatically divide or persist (Figures 4.1 and 5.4). These results
suggest that both naïve and memory cells utilize the same signaling machinery in their
TCR:spMHC signaling.

Along with MP cells, AgSp cells were analyzed for their reliance on SLP-76 for
persistence. Like MP cells CD4+ AgSp memory T cells exhibited a decrease in
homeostatic division as measured by BrdU incorporation (Figure 5.3). Antigenic
signaling was also interrupted by loss of SLP-76. cKO AgSp memory cells were unable
to expand to reinfection or produce cytokines when directly stimulated (Figure 5.2).
Despite reduced division and function caused by lack of SLP-76, overall persistence of
the AgSp compartment was unaffected (Figure 5.4).

The studies presented here have advanced the understanding of signaling molecules
necessary for the biochemical activation of “tonic” signaling and suggest that
downstream “tonic” signals may be propagated through SLP-76. Additionally, these
studies separate the signaling requirements for “tonic” TCR and cytokine signaling in the
homeostasis of AgSp populations, suggesting a larger role for “tonic” TCR signaling in
homeostatic division and maintenance of function but not persistence. Since “tonic”
signaling is not required for AgSp cell persistence, emphasis should be placed on
determining the cytokines signaling pathways leading to survival of AgSp memory cells
to ensure maintenance of the population and optimal protection against reinfection.
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Division and persistence within the AgSp compartment are
separable events
Previous studies have shown that persistence of AgSp memory CD4+ T cells is
comprised of slow homeostatic division of the population and increased survival on an
individual cell basis (Lees & Farber 2010). Prior to our studies, division and survival
were both thought to be necessary for maintenance of the AgSp memory cell pool
(Schluns & Lefrançois 2003). To achieve overall persistence, cells utilize a combination
of “tonic” TCR and cytokine signaling, such as IL-7.

The rate of division within the memory population is fixed upon generation (Kim &
Williams 2010). AgSp cells divide with a rate of <1% to 2% per day, while MP cells can
exhibit up to 10% division on a daily basis (Younes et al. 2011). Data from the Swain lab
using long-term BrdU pulses in conjunction with adoptive transfer studies showed that
undivided memory cells could persist long-term (Hua & Thompson 2001). These studies
demonstrated that the number of cells able to incorporate BrdU within the memory
compartment plateaued early and was constant over time, implying the existence of
multiple pools within the AgSp compartment. cKO YFP+ AgSp memory cells were
maintained long-term despite decreased division, suggesting differences in homeostasis
between dividing and non-dividing memory subsets. These data lead to the hypothesis
that while the undivided pool of CD4+ AgSp memory cells is thought to persist
indefinitely, a constant rate of low-level division is necessary for the maintenance of the
dividing pool (Figure 6.2A).

93

CD4+ AgSp memory cells have been shown to undergo a prolonged contraction phase,
with a half-life of about 40 days (Figure 5.4 and (Pepper et al. 2010)). Numbers of AgSp
cells only stabilize once they are equivalent to in number to their naïve precursors. If the
dividing pool of memory cells is balanced by a combination of division and cell death,
contraction is likely to occur within this subset. However, it is possible, and not ruled out
by the data presented in this thesis, that the non-dividing population also undergoes
slow contraction. Identifying markers of dividing and non-dividing subsets will be critical
for determining which pool is contracting and if death occurs solely within the dividing
subset.

The division seen in the CD4+ AgSp compartment also differs from CD8+ memory cells,
which undergo complete turnover of the pool within a two to three month period (Parretta
et al. 2008). CD8+ and CD4+ AgSp memory cells differ widely in their requirements for
“tonic” signaling for overall persistence. CD8+ cells are able to persist and divide without
TCR signaling, utilizing the common γ-chain cytokines for these functions (Surh & Sprent
2008). Loss of SLP-76 in CD8+ memory cells did not affect their numbers or ability to
divide, but did affect the rate of conversion of the pool from the CD62Llo (EM) to the
CD62Lhi (CM) subset (Wiehagen et al. 2010). The differences in requirements for SLP76 between CD4+ and CD8+ memory cells suggests that persistence characteristics
between these two subsets may also be different.

The existence of a separately maintained population within the AgSp compartment is
supported by the results in Chapter 5. Following loss of SLP-76 AgSp memory cells are
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able to persist for greater than 30 weeks, despite reductions in homeostatic division
(Figure 5.4). Furthermore, the YFP+ fraction is maintained when placed in competition
(Figure 5.6), indicating that memory populations are independently regulated. Until
these studies division was believed to be critical for persistence of all memory subsets
(Surh & Sprent 2008). These data suggest that division may not be necessary for
maintenance of AgSp cell numbers (Figure 6.2B). Loss of SLP-76 has demonstrated
that low levels of division are adequate to maintain memory cells numbers, and while
death still matches the amount of division, memory cells are not reliant upon normal
homeostatic proliferation for their maintenance. It would be interesting to determine if
memory numbers are still maintained if all division is abrogated, or if the dividing AgSp
pool does requires some level of division for its persistence.

“Tonic” signaling promotes functionality
While SLP-76 mediated signaling is not required to divide or maintain numbers, AgSp
memory cells exhibit a loss of function when removed from their MHC-II ligands. For
example, parking CD4+ AgSp memory cells in MHC-/- hosts causes reduced B cell
expansion, proliferation of CD4s, IL-2 production, and class switch to rechallenge
(Kassiotis et al. 2002). cKO AgSp memory cells have a similar loss of function, in that
they are not able to respond to direct stimulus or undergo bystander expansion in
response to reinfection (Figure 5.2), suggesting that in order to maintain functionality
AgSp CD4+ memory cells must receive “tonic” signaling. Basal levels of P-STAT5 are
also reduced within two weeks of transfer into an MHC-II-/- environment (De Riva et al.
2007). Together with the data presented in this thesis, these studies separate the
signaling requirements for “tonic” TCR and cytokine signaling in AgSp populations, with
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a role for “tonic” signaling in homeostatic division and maintenance of function, but not
persistence. Basal levels of P-STAT5 should be quantitated in SLP-76 cKO cells to
determine if they decrease over time, as a surrogate for reduced function. It would also
be interesting to determine if the impairments due to lack of “tonic” signaling are
permanent by replacing SLP-76 in cKO AgSp memory cells and determining their
antigenic signaling capacity.

Survival regulated by IL-7
The data presented in Chapter 5 suggest that SLP-76 cKO AgSp cells can persist in the
absence of “tonic” signaling. Maintenance of this population is likely due to signals
received through cytokines. At low doses, IL-7 supports the survival of resting AgSp
memory cells through elevated levels of anti-apoptotic Bcl-2 and reduced levels of proapoptotic Bim (Qin et al. 2001; Kondrack et al. 2003; Li et al. 2003; Lenz et al. 2004).
We have previously shown that there is normal phosphorylation of STAT5 in response to
IL-7 or IL-15 treatment of SLP-76 deficient CD4+ MP cells (Bushar et al. 2010), implying
that their upstream signaling may be intact. Despite intact early signaling, cKO CD4+
memory cells did not exhibit the same amount of division in response to IL-7 in vivo
(Chapter 4 and (Bushar et al. 2010)). A potential mechanism to explain this difference is
the ability of “tonic” signals to alter cytokine signaling. Recent evidence suggests both
direct and indirect interactions between the TCR and IL-7 signaling pathways (Ahlers &
Belyakov 2010). Alterations in TCR signaling can affect IL-7R surface expression,
antagonize negative regulatory elements of the IL-7 signaling pathway (such as Cbl-b),
and can affect interaction times with sources of IL-7 (Bradley et al. 2005; Guimond et al.
2009; Pellegrini et al. 2009). By eliminating “tonic” signaling it is entirely possible that
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the responses to IL-7 have been altered as well. It will be interesting to study the
response of cKO AgSp memory cells to IL-7/α-IL-7 complexes in vivo, to determine if IL7R signaling is truly altered in this population.

Division is balanced by death
If the numbers of AgSp cells are kept constant by levels of cytokines, how is the level of
death and division balanced? Data from the CD8+ compartment would suggest that
division of the memory population drives apoptosis (Nolz et al. 2012) (Figure6.2C, left).
Alternatively, death within the AgSp memory compartment could drive the division of
neighboring cells (Figure 6.2C, right). The Harty lab showed that as CD8+ memory cells
divide a portion of them exhibit decreased cytokine production, increase levels of active
caspases, and become part of the CD62Llo effector memory (EM) pool. While no such
model has been tested for CD4s, it is tempting to speculate that separation based on the
expression of CD62L and the ability to divide is possible. In support of a similar
homeostatic mechanism, CD27 correlates with longevity of CD4+ memory cells and is
highest on CD62Lhi central memory (CM) cells (Pepper et al. 2010). CM cells can also
replace cells within the EM cell pool through division, supporting the hypothesis that
division drives death within the AgSp pool (Seder & Ahmed 2003; Sallusto et al. 2004).

While both CM and EM cells will become positive in BrdU labeling assays, CM cells
have a better ability to reconstitute the memory pool in adoptive transfer studies (Wu et
al. 2002; Wherry et al. 2003). Although these cells have not been correlated directly to
apoptosis, it is possible that the dying population resides in the CD62Llo compartment.
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However, it is equally possible that preapoptotic cells within the CD4+ compartment
would express different cell surface markers than their CD8+ counterparts. Future
studies examining active caspases and other apoptotic markers will need to be
conducted to determine which population of CD4+ AgSp memory cells is preapoptotic
and what the origin of the preapoptotic population is.

Cytokines can drive division of a subset of memory cells
Loss of either “tonic” TCR or IL-7 signaling can result in diminished division within the
CD4+ memory T cell pool (Surh & Sprent 2005). MP cells are particularly sensitive to
loss of either signal. When MP cells are transferred into MHC-II deficient or scid mice,
cell division is severely impaired (Martin et al. 2003; Kieper et al. 2004). TCR signaling
deletion studies provide a similar story, in that both TCRα and Lck/Fyn are required for
turnover of the fast-dividing MP subset (Polic et al. 2001; Seddon et al. 2003). Loss of
cytokine signaling also affects MP division as transferring CD4+ MP cells into irradiated
IL-7 deficient recipients prevents proliferation (Purton et al. 2007).

Homeostatic division can be increased either by high concentrations of cytokines, or
through a combination of cytokine and “tonic” signaling (Bradley et al. 2005). For
instance, addition of a mini-osmotic pump containing IL-7 can drive the slow division of
MP cells transferred into non-irradiated wild-type mice (Min et al. 2005). Addition of
excess cytokine appears to have an additive effect on memory cells causing increased
numbers in cycle, and leading to the hypothesis that the ability of a cell to undergo
division occurs from the culmination of signaling which the cell is receiving (Figure 6.3A).
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In support of this, homeostatic division has been shown to occur stochastically and
within microenvironments of high ligand concentration (Hu et al. 2001; Freitas & Rocha
2000; Pearson et al. 2011).

Location of cells in secondary lymphoid organs can regulate their divisional capacity.
When CCR7 signaling is blocked in naïve cells through treatment with pertussis toxin,
they fail to divide upon transfer into empty hosts (Springer 1994). These naïve cells are
prevented from entering secondary lymphoid organs and therefore cannot receive the
TCR and cytokine signals that drive LIP (Dummer et al. 2001). Expanding upon this, in
addition to the chemokine signaling necessary for lymph node entry, signals through the
TCR and integrins may direct cells into contact with sources of IL-7 (Cinalli et al. 2005).

“Tonic” signaling aids IL-7 in promoting homeostatic division
Increased cytokine concentration in vivo can be mimicked by the administration of IL7/α-IL-7 conjugates (Boyman et al. 2008). When administered to cHET and cKO
animals, division of CD4+ memory cells increased. However, loss of SLP-76 prevented
division in YFP+ cKO cells from reaching levels equivalent to WT levels (Figure 4.5). In
cKO animals the YFP-, SLP-76 sufficient, population expanded to utilize the excess
cytokine, making the total amount of BrdU incorporation induced per mouse the same
regardless of genotype. These data suggest that loss of “tonic” signaling prevents some
of the division induced by cytokine signaling. This decrease is depicted in Figure 6.3A
by placement of the cHET and cKO cells on the graph. cHET cells are capable of
receiving both “tonic” and IL-7R signals, allowing for a high level of division. The amount
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of signaling received by the cKO population is severely diminished in the absence of
“tonic” signaling, lessening the impact on the individual cells and preventing many of
they from moving into the dividing pool.

Speculated earlier in this chapter, the ability to divide may be based solely on the
number of positive interactions a memory cell receives. If this hypothesis were correct,
increasing the life span of cells should increase the number of cells undergoing division.
Overexpression of Bcl-XL, to prevent cell death, was not sufficient to rescue division in
cKO memory cells (Figure 4.3). Furthermore, BrdU incorporation within cHET+Bcl-XL
cells was not increased compared to cHET mice, suggesting that signals cannot be
accumulated over the lifetime of the cell, but must occur at distinct time points.

Survival factors within lymphoid structures are not homogenous, and access to these
factors is tightly regulated (Link et al. 2007). Stronger and more frequent interactions
with spMHC may provide T cells close contact to IL-7 localized on the surface of DCs
(Agenès et al. 2008; Saini et al. 2009). In vivo evidence in support of this concept
comes from LIP studies done with HY transgenics. HY transgenic cells are unable to
divide in female recipients in response to IL-7 or IL-2 because of their low TCR affinity
and lack of selecting spMHC ligand (Rocha & Boehmer 1991; Kieper et al. 2004). Loss
of SLP-76 has also been shown to affect integrin signaling and conjugate formation
(Baker et al. 2009). The SH2 domain of SLP-76 mediates much of this function through
phospohrylation of PKD (Burns et al. 2011), however single mutation of the N-terminal
tyrosines of SLP-76 also reduces the ability of cells to polarize actin and form conjugates
(Jordan et al. 2008). Reduced interaction time between T cells and APCs in the
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absence of SLP-76 may limit their exposure to cytokines, and provide a mechanism for
reduced division seen in cKO cells. Given the reduction in homeostatic division seen
with the single SLP-76 tyrosine mutants (Figure 4.4), it would be interesting to determine
if the SH2 mutant has even less BrdU incorporation. If so, this would imply that much of
the ability for cells to divide comes not from direct “tonic” signaling, but their ability to
activate integrins and keep them in close contact with sources of IL-7.

Cells responding to IL-7/αIL-7 have the lowest threshold for division
Memory cells have a lowered TCR signaling threshold when compared to naïve
populations (Carter et al. 1998). Memory cells are also better at integrating signaling
downstream of their receptors since they contain fewer negative regulatory molecules
(Hussain et al. 2002; Hathcock et al. 2003; Zaph et al. 2004; Orford & Scadden 2008;
Muranski et al. 2011). Similarly, memory cells with the lowest TCR signaling threshold
should undergo homeostatic division more often. Division within this population would
ensure its long-term maintenance, as it amplifies the number of cells with “useful” TCRspecificity to compete for shared resources.

The studies presented in this thesis suggest that cells are less responsive to both TCR
and cytokine signaling following deletion of SLP-76. Deletion of SLP-76 may prevent an
integrated signal between TCR:spMHC and cytokines (Figure 6.3B). TCR and cytokine
signaling share a common pathways through activation of Akt and Foxo3a to regulate
division. These two signaling pathways can independently phosphorylate Foxo3a on
distinct sites, with TCR-signaling phosphorylating Ser235, while γ-chain cytokines
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phosphorylate Tyr32 (Riou et al. 2007). Loss of SLP-76 would prevent “tonic” activation
of Akt and Foxo3a, limiting division to cells capable of receiving strong cytokine signals.

Alternatively, SLP-76 could be directly altering IL-7R signaling. While normal
phosphorylation of STAT5 makes direct interaction unlikely, levels of downstream
signaling intermediates have not been quantified in cKO cells. Future studies will need
to examine activation of the IL-7 signaling cascade, such as activity level of PI3K, MAPK
signaling, and phosphorylation status of Foxo3a in cKO cells to determine if the
interactions between SLP-76 and the IL-7R are direct or not.

Division within the memory pool in response to IL-7/α-IL-7 may occur in all subsets
simultaneously, or in distinct memory subsets. One possible explanation for the menial
increase in division seen in cKO memory cells is that division may only be rescued within
the slow dividing pool, while fast dividing cells are not. Additional experiments are
underway to determine if IL-7/α-IL-7 is able to rescue division within the AgSp and slow
dividing compartments to distinguish between these possibilities.

Initial stimulation conditions dictate memory cell reliance on
“tonic” signaling for persistence
MP and AgSp populations are not mutually exclusive, with the AgSp population
overlapping with the slow-dividing MP subset. MP and AgSp populations differ in the
way they are generated (Surh & Sprent 2005), which leads to distinct requirements for
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persistence of these populations. MP cells arise through lymphopenia-induced
proliferation, self-peptide:MHC (spMHC) contacts in the presence of overabundant
cytokines, or through contact with commensal gastrointestinal flora (Murali-Krishna &
Ahmed 2000; Kieper et al. 2005; Sprent et al. 2008). AgSp memory cells are generated
in response to a known antigenic challenge (Moon et al. 2007; Surh & Sprent 2008).
These cells differ greatly in the initial signaling they receive. To generate AgSp memory
a TCR activating (signal 1), costimulatory (signal 2), and inflammatory (signal 3) must be
present (reviewed in (Smith-Garvin et al. 2009)). However, MP cells can be generated
in the absence of signal 3, and even in the presence of a single signal 1 or 2. This
difference in generation not only affects the type of memory cell generated (Blair &
Lefrançois 2007), but could lead to distinct differences in homeostatic characteristics,
with AgSp cells requiring fewer signals for their persistence or being better able to
compete for ligands then their MP counterparts (Figure 6.4A).

AgSp cells undergo slow homeostatic division, while MP cells are comprised of both
fast- and slow-dividers. The fast-dividing population is a of a minority of cells, yet
accounts for most of the division within the MP population (Tan 2002). TCR sequencing
studies showed that these cells are comprised of only a few distinct TCR sequences
(Seder & Ahmed 2003; Younes et al. 2011), with their division reliant upon “tonic”
signaling with the spMHC which they were initially generated against. This constant
state of activation can be observed when “tonic” signaling is removed through loss of
SLP-76. Now unable to transmit “tonic” signaling, the fast-dividing pool of MP cells is
rapidly lost in cKO animals (Figure 5.4).
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CD4+ memory cells persist through a combination of “tonic” signaling and cytokines. All
memory cells express high levels of the IL-7R, and an increased reliance upon cytokines
to provide survival signaling (Hussain et al. 2002). AgSp memory cells, which were
generated in response to all three signals, are more robust and can persist in the
absence of SLP-76 (Figure 5.4). Following loss of SLP-76, division within all memory
subsets drops dramatically. While the fast-dividing MP population is lost entirely, slowdividing MP cells and AgSp memory cells still exhibit about 5% division. These data
support a hierarchy between the memory subtypes in their ability to utilize the relevant
cytokine signaling.

Slow-dividing MP cells are more like AgSp
This hierarchy in signaling suggests that slow-dividing MP cells are closer to AgSp cells
than their fast-dividing counterparts (Surh & Sprent 2008). This data is supported by the
persistence characteristics of the MP population after SLP-76 deletion. Following LCMV
infection, cKO MP cells decline but are not entirely absent by 30 weeks post deletion,
with ten-fold more cells present than in the I-Ab:GP61+ compartment (Figure 5.4). There
are two possible explanations for the maintenance of these SLP-76 deficient MP cells.
One possible mechanism is that the remaining MP cells actually belong within the
LCMV-specific pool and are generated to epitopes other then GP61. Recent evidence
from the literature suggests that the responding CD4+ T cell compartment is much larger
than previously predicted, as almost 60% of all CD4+ T cells at the peak of the response
are specific for LCMV (McDermott & Varga 2011). This study made use of a new set of
memory markers, CD11a and CD49d, to track responding cells. While not carried out
past day 60, expression of both CD11a and CD49d seemed stable. In B6 mice these
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cells numbered between 10 and 12% of the CD4+ peripheral blood lymphocytes, and all
were part of the CD44hi MP subset, unlike I-Ab:GP61+ cells, which only comprise 2% of
the population at a similar time point (Figure 5.1). It will be informative to test expression
of these markers on the remaining cKO MP cells to determine if the hypothesis that the
remaining cells are all AgSp is correct.

Alternatively, the remaining MP cells 30 weeks after deletion may represent the most
robust cells within the population. While this population is declining, it may still be
present at the time points measured. In the absence of TCR:spMHC signals the level of
Bcl-2 is dramatically down regulated resulting in cell death (Luckey et al. 2006; Kirberg
et al. 1997). It is possible that the surviving cells had a lower basal ratio of Bim:Bcl-2, as
this extends cellular lifespan (Hathcock et al. 2003; Tsukamoto et al. 2010). These cells
would need less “tonic” TCR signaling for their persistence, and may survive longer in its
absence.

Bcl-2 levels within the cKO YFP+ MP compartment increase over time in the population
as a whole. Comparing Figure 5.5 B and C, Bcl-2 levels within the SLP-76 deficient MP
cells approached those of the AgSp compartment, suggesting again that they are similar
to AgSp cells. However, the possibility of prolonged survival is not entirely ruled out with
this data set and it is still possible that cells that express lower levels of Bcl-2 have been
selected against, unable to compete in the absence of “tonic” TCR signaling. To
completely rule out selection, other markers will need to be measured, such as
expression of CD11a and CD49d, along with intracellular levels of Bim.
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Thymic atrophy selects for AgSp cells
As mice age they undergo thymic involution and decrease their rate of naïve cell
generation (Yan et al. 2010; Cicin-Sain et al. 2012). The peripheral CD4+ T cell
compartment also shifts to become predominantly CD44hi. The ability of CD44hi cells to
expand and outcompete the remaining CD44lo naïve cells for resources may also
contribute to this involution (O'Leary & Hallgren 1991). It has been proposed that thymic
involution plays a role in the generation of an optimal T cell repertoire during early
adulthood (Dowling & Hodgkin 2009), so that as animals age, the peripheral pool shifts
to include both naïve cells with higher affinities and memory cells. This is illustrated by
the small number of large naïve T cell clones present in the periphery of aged animals
(Dowling & Hodgkin 2009). These high affinity clones have an increased lifespan,
allowing them to outcompete their lower affinity counterparts.

T cells are maintained in an environment of continuous competition for sources of IL-7
(Carrette & Surh 2012). Survival factors within lymphoid structures are not
homogenous, and access to these factors is tightly regulated (Link et al. 2007). This
continuous competition, along with thymic involution, presents a selection process by
which only the most robust cells are able to survive. Memory cells that are better at
integrating signaling downstream of their receptors will increase over time (Hussain et al.
2002). This will cause AgSp and slow-dividing MP populations to be selected for, at
detriment to both naïve and fast-dividing MP populations (Figure 6.4B).
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Coupled with information about how the various CD4+ memory populations are
produced, it is entirely possible that the more signals memory cells receive upon
generation, the less they will need to prolong their lifespan (Figure 6.4A). So that over
time memory cells generated in response to pathogenic infection, seeing all three
signals, will be selected for as they are the most robust type of memory cell. This model
also implies that the number of MP cells may eventually stabilize depending upon the
number of previous pathogenic encounters and size of the AgSp pool. It would be
interesting to determine if with age the rate of division within the MP pool decreases,
leaving mostly slow-dividing MP cells to remain.

This hypothesis of selection over time raises some interesting possibilities. If AgSp
memory cells are able to outcompete slow-dividing MP cells and slow-dividing MP cells
have a longer lifespan than fast-dividing MP cells, can we separate the various memory
populations based on their method of induction? By utilizing a combination of staining
markers such as CD49d and CD11a, as well as division rate, it may be possible to
determine over time what the ratio of fast-dividing, slow-dividing, and AgSp memory cells
are. We could then use this information to determine how independent the cells
generated in response to signals 1, 2, and/or 3 really are.

Conclusion
The studies presented in this dissertation examine the homeostatic persistence of both
naïve and memory CD4+ T cells in the absence of SLP-76. Deletion of SLP-76
confirmed its role in both antigenic and “tonic” TCR signaling. Without SLP-76
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downstream biochemical events are not propagated and cells fail to receive activating
signals. As expected, SLP-76 is required for naïve cell survival and for both survival and
division of fast-dividing MP cells. Surprisingly, there is also a role for SLP-76 in the
turnover of slow-dividing and AgSp memory cells, which were previously thought to
depend solely upon cytokines. Understanding the factors that regulate the homeostasis
of the immune system is important for promoting AgSp memory cell persistence to
insure adequate responses to reinfection.

Loss of SLP-76 within the AgSp population provides a model for studying “tonic” TCR
signaling. T cell populations compete for many of the same ligands. Memory cells are
able to outcompete their naïve counterparts, preventing conversion of naïve cells into
the MP pool. This competition, balanced by thymic output and tight regulation, helps to
equilibrate the different T cell compartments allowing them to all persist (Stockinger et al.
2006). To understand if all T cell subsets utilized the same TCR signaling pathways for
their maintenance, and the role SLP-76 might be playing in the persistence of these
populations, a model of genetic deletion was employed.

Deletion of SLP-76 showed that while balanced by death, high levels of division are not
necessary for AgSp memory cell persistence. Survival of the AgSp population was
unaltered despite a greater than 3-fold reduction in division in cKO animals. Data
presented in Chapter 4 showed that memory cells cannot “store” a culmination of
signaling, since increasing lifespan with BclXL transgenic expression does not allow
memory cells to divide. These data confirm that AgSp memory cells integrate their
perceived environment at any given moment to determine if they will become part of the
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dividing pool. Increasing amounts of cytokines can stimulate some SLP-76 deficient
cells to undergo division, but this is likely limited to localized microenvironments, since
division was not rescued up to SLP-76 sufficient levels. Loss of SLP-76 also separated
the signaling requirements for function and survival of the AgSp population, placing
greater emphasis on the maintenance of cytokine signaling for dictating the size of the
AgSp memory pool. Moving forward, AgSp persistence studies will need to focus on
downstream cytokine signaling intermediates to improve memory pool size and overall
persistence of the population. By studying the signaling pathways utilized by IL-7
signaling to promote survival, this knowledge can be incorporated into either vaccine
design or adoptive T cell immunotherapies.
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Requirements for SLP-76 in the Homeostasis of CD4+ T Cell
Populations

Figure 6.1: Requirement for SLP-76 in CD4+ T cell maintenance
Table summarizing the requirements for SLP-76 in division and persistence of CD4+ T
cell subsets. SLP-76 is required for division of all T cell subsets. Naïve and MP T cell
persistence is reliant on SLP-76. AgSp memory cells are able to persist despite loss of
SLP-76 and decreased division.
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Figure 6.2: Division and survival are separate events, with the rate of death and
division matched
A. CD4+ AgSp memory cells contract over time. Contraction is depicted as occurring
within the dividing population for ease of modeling. Data does not exclude the potential
for contraction within the non-dividing population. A constant rate of division is depicted
by the bold circular arrow and as drawn maintains the dividing population of AgSp
memory cells. B. Within the dividing AgSp population the rate of division and death are
linked. As the number of AgSp memory cells undergoing division decreases the rate of
death changes to match. C. Model depicting the dying population emerging from the
dividing pool (left). On right, death of cells within the pool drives the division of others.
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Figure 6.3: “Tonic” and Cytokine signaling work together to promote full division
of the AgSp population
A. Graphical representation of the amount of signaling an AgSp memory cell receives at
a particular time point. IL-7 signaling alone can drive a limited number of cells into cycle,
with increased division rates occurring with “tonic” signaling. cHET and cKO marker
placement is representative of the degree of signaling received and its impact upon the
populations. B. Schematic representing a potential mechanism for reduced division in
cKO AgSp cells. cHET (left) receives both “tonic” and cytokine signaling leading to
multiple sites of phosphorylation on Foxo3a. cKO (right) cells receive cytokine signaling
only to phosphorylate Foxo3a on Tyr 32, leading to reduced division.
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Figure 6.4: With age AgSp and slow-diving MP cells outcompete naïve and fastdividing MP subsets
A. Model depicting the increasing priming signals that naïve cells receive to promote
their entry into the various memory pools. Increasing the level of priming conditions will
increase the “fitness” of the corresponding memory cell, allowing it to better compete for
survival ligands or require less signaling to persist. B. Model depicting how as mice age
the AgSp pool increases to the detriment of both the naïve and fast-dividing MP
populations. The total number of CD4+ cells remains constant, and is set by cytokine
availability.
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